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INTRODUCTION
American consumers in recent years have become very conscious of the
healthfulness, nutritional value, and caloric content of various foods. Especially the aging
population has received increased attention in this regard. Dairy products, including shelf
stable cheeses, have always represented a major portion of American consumer's diet.
Despite the relatively high fat content, total and per capita consumption has increased
substantially in the past decade. This is especially true for Cheddar and Mozzarella
cheeses due to their use in cooking. For example, in the United States, the per capita
consumption of Cheddar cheese in i 985 \ 1 a s 10.2and is expected to reach 15.9 kg by
the year 2000.
Cheesemaking throughout the world relies on rapid acid production by healthy
lactic acid bacterial cells. The most serious economic threat to the cheese industry from
its early factory production days has been disturbances by viruses (bacteriophages).
While numerous methods have been employed over the years in cheese factories and
starter manufacturing companies to minimize bacteriaphage infections, culture rotation
has been the main emphasis in an effort to minimize the phage problem. This has placed
a tremendous demand on starter culture supply houses to provide new strains of bacteria
for use in rotation schemes.
*Note: In this thesis, various bacterial genera are cited which begin with the letter "L".
Therefore the genera abbreviations used throughout are Lc. for Lactococcus, Lb. for
Lactobacillus and Leu. for Leuconostoc. In addition, Lactococcus lactic ssp. lactic C2 is
herein reported as Lactococcus lactis ssp. cremoris C2 based on the genetic evidence of
Urbach (1997) and Salama (1991).The introduction of the Defined Strain Program in the United States by
researchers at Oregon State University (Thunell et al., 1981) minimized the need for
rotation, but new strains of lactococci are still in great demand. Where Cheddar cheese is
concerned, this demand is magnified by the recognition that the only suitable bacterium
for use in making aged Cheddar cheese is Lactococcus Letts subspecies cremoris
*(Vedamuthu et al., 1966). While Lactococcus lactis subspecies lactis has been used for
many years in Cheddar cheese starter cultures, Vedamuthu (et al., 1966) has shown that
this subspecies contributes to bitter, fermented and fruity flavors in aged cheese (> 1 year
old). Therefore, world wide searches for Lc. cremoris have been intensely carried out
(King, 1970: Radich, 1968, Salama, 1993).
Even as these searches began, it was known that Lc. cremoris was virtually
impossible to isolate from nature, even though it was believed that it was present in the
farm milk-producing environment, just as the easily-isolated Lc. lactis is present in raw
milk (Sandine et al., 1972). Salama et al. (1993) solved this dilemma by using 16S
rRNA probes to reach into raw milk supplies and isolate the infrequently occurring but
desperately needed strains of Lc. cremoris.That work (patent pending) has resulted in
the isolation of many new strains of Lc. cremoris from raw milk and raw milk dairy
products, but exclusively from those products produced in countries where primitive milk
handling practices still occur. These practices, such as milking by hand in the field into
open pails, allow greater amounts of microbial contamination to occur, among which are
Lc. cremori.s.
The 16S rRNA probe method of isolating bacterial strains and supplying them to
the dairy industry has never been used: therefore, the bacterial strains isolated need to be
conclusively identified, and evaluated for biological and physiological characteristics,
especially those important in cheesemaking. Critical in this evaluation is strain
contribution to flavor and texture as the cheese is aged, at least up to one year.3
It is to these three areas of need for the dairy industry to which this thesis research
was directed and the findings are reported in two chapters. The first, is entitled
"Charicterization of Genetic Probe-Isolated Lactococci for Use in Cheese Manufacture"
and the second is titled "Manufacture of Cheddar Cheese With 16S rRNA Probe-
IsolatedStrains of Lactococcus lactic subspecies cremoris.4
CHAPTER 1
STARTER CULTURE CHARACTERIZATION AND NOMENCLATURE:
A REVIEW
It is with certainty that since the time man first maintained domesticated mammals
he has consumed milk that has been more or less soured.It was not until 1878. when
Joseph Lister first isolated an organism he called Bacterium lactis that the organism
responsible for the souring of milk was known. Prior to that time, it was known that by
storing fresh raw milk at ambient temperature for a few hours it would spontaneously
sour and coagulate. It was also known that by adding a small amount of soured milk to
fresh milk that souring would be enhanced and that flavor qualities could to some degree
be transferred from batch to batch. However, this method was not always successful in
obtaining the desired flavor characteristics. Following Lister's isolation of naturally
occurring lactic acid bacteria, Conn (1889) in the United States, Storch ( 1890) in
Denmark. and Weigmann (1896) in Germany, each concluded that these naturally
occurring bacteria were responsible for the souring of cream. In addition they
demonstrated that soured cream butter that was free from flavor defects could be
produced from cream that had been soured using pure cultures of Streptococcus lactis.
From this beginning starter culture technology was born. It would later be discovered that
many other bacteria including lactobacilli, leuconostoc, propionibacteria. streptococci,
lactococci and many other yeast and molds were also involved in the many fermented
milk products known today. In 1909 LOhnis renamed Bacterium lactis, Streptococcus
lactis.In 1919, Orla-Jensen described an organism isolated from sour cream he called
Streptococcus cremoris and another organism which is later refereed to as Betacoccus
(Orla-Jensen, 1926). The Betacoccus were originally called Streptococci by early
workers, who identified them as the flavor and aroma producers in mixed starter culture
used to ripen butter (Boekhaut. 1917, Hammer, 1919, Storch, 1919). Based on the
characterization of the betacocci isolates described by Orla-Jensen, these betacocciorganisms would belong to the Leuconostoc genus. In 1932, Or la-Jensen and Hansen
described Streptococcus ralfinolactis. Streptococcus diacetilactis was first described by
Matuzewski et al. (1936), but later studies (Swarthing, 1951) showed that Streptococcus
diacetilactis was very closely related to Streptococcus hulls. Based on a comprehensive
taxonomic study by-Garvie et al.( 1981), which indicated that Streptococcus lactis and
Streptococcus cremoris were variants of a single species. Garvie and Farrow (1982)
transferred Streptococcus cremoris to Streptococcus lactis ssp. cremoris and validated the
description of Streptococcus lactis ssp. diacetilactis. Based on DNA:DNA, DNA:rRNA
and serological studies the lactic streptococci were transferred from the Streptococcus
genus to a new genus, Lactococcus (Schleifer et al., 1985) composed of Lactococcus
lactis ssp. lactis (which includes diacetilactis), Lactococcus ssp. cremoris, Lactococcus
lactis ssp. hordniae, Lactococcus xvlosus, Lactococcus garviae, Lactococcus plantarum,
and Lactococcus raffinolactis. The diacetilactis were refered to as a biovarietv of the
subspecies lactis (Sandine. 1988), but are now refered to as Cit- strains denoting, the
ability to utilize citrate (Cogan and Accolas, 1995). a property which is plasmid encoded.
Characterization of the lactococci important to the dairy industry too have
changed, reflecting the knowledge gained over years of study. By 1919 Orla-Jensen had
defined the "true lactic acid bacteria" as organisms that can ferment a variety of
carbohydrates to produce significant quantities of lactic acid. These organisms were
either rod shaped or spherical, Gram-positive, non-motile, and do not form spores. They
are catalase negative, do not reduce nitrates and are indifferent to atmospheric oxygen.
Although most produced lactic acid exclusively, some produced considerable quantities
of what Orla-Jensen refereed to as by-products and gas. Orla-Jensen divided the
classification of lactic acid bacteria into two groupings, A and B. A included those that
produce only traces of by-products and B, those that produced large quantities of gas and
other by-products in addition to lactic acid. He further divided his classification into rod
and coccal forms. Included in the rod forms of the A group were the genus
Thermohacterium (those with an optimum growth temperature of 40° C or above), and
the genus, Streptobacterium (optimum growth temperature near 30° C), both of which arenow classified as Lactobacillus.Included in the coccal form of A, were Streptococcus
cremoris and Streptococcus lactis. Characteristics which were used to differentiate these
strains at that time was the ability of Streptococcus cremoris to form long chains in milk
and the ability of Streptococcus lactis to ferment maltose and dextrin. Among the B
group classification (those that produced significant bv-products) were the genus
Betabacterium and Betacoccus. The Betacoccus, or Leuconostoc ( Hacker and Penderson,
1928) which were identified as the organisms responsible for the formation of aroma
compounds in ripened butter (Orla-Jensen, 1926), grew poorly in milk and were
distinguished from the Streptococci by their production of laevorotatory lactic acid.
Since the time of Orla- Jensen other characteristics and methods of strain characterization
have been described for the lactic streptococci important to the production of fermented
milk products. In 1948, King describes a modification of the Voges-Proskauer test for
the determination of acetylmethylcarbonol and diacetyl in butter cultures. This test has
proven useful in identifying citrate utilizing strains of both Leuconostoc and Lactococcus
locus. Sherman (1960) clarified the physiological differences between what are now
Lactococcus lactis ssp. lactis and Lactococcus lactis ssp. cremoris. The primary
distinctions being the ability of Lactococcus lactis ssp. lactis to produce ammonia from
peptone whereas Lactococcus lactis ssp. cremoris could not. This characteristic was later
shown to a result of the hydrolysis of arginine resulting in the liberation of ammonia
(Niven et at 1942). Other characteristics included coagulation of milk in 48 hours,
growth in 4`).,'0 and 6.5% sodium chloride, citrate utilization, growth at 9.2 and 9.6 pH, and
survival at 60° C for 30 minutes. It was later shown by Sandine et al. (1959) that
observations for growth at 40° C and in the presence of 4.0% sodium chloride, arginine
hydrolysis, and the production of CO,, were the most reliable of Sherman's culture tests
in differentiating the various lactococci. These tests. in addition to growth at 10° C and at
9.2 pH are still commonly seen in the literature today for strain characterization
(Axelsson, 1993, Cogan, 1995, Salama, 1993, 1994, Urbach, 1997). A recent addition to
the phenotypic differentiation between Lactococci subspecies is lithium chloride
sensitivity (Al-Zoreky and Sandine. 1991). Additional characterists important in the
selection of strains for use in fermented food products, particularly in dairy starter7
cultures include the selection of fast acid producers among cell populations ( Limsowtin
and Terzaghi, 1976, Huggins and Sandine, 1984), and the production of inhibitory
substances which would cause strain domination in multipal strain starter cultures
(Kekessy and Piguet, 1970).
Even in early studies of the taxonomy of lactic acid bacteria it was recognized
that phenotypic variation among strains existed that has made definitive characterization
and identification difficult (Hirsch, 1951, Sandine, 1959. 1962). Today with the
development of new molecular methods for identification and isolation of Lactic acid
bacteria to the level of subspecies (Salama, 1991, 1993, 1995) and strain (Urbach 1998).
the reliability of phenotypic characteristics for strain identity is further challenged
(Axelsson, 1993, Cogan, 1995). With the advent of molecular methods, it has been found
that numerous strains have been misidentified, including some which have been used for
years in research, examples of which are Lactococcus lactis ssp lactis C2, and NCDO 763
which are phenotypically Lc. lactis but genotypically Lc. cremoris( Salama 1991, Godon,
1992, Urbach, 1997). Even with the array of new technology available for strain isolation
and identification, it is still the functional characteristics of a given strain that determines
a strains value to the food industry. It is to that end this research was directed; to bridge
the gap between the molecular probe isolation of Lactococcus lactis ssp. cremoris strains
and their use in the food industry.8
CHAPTER 2
CHARACTERIZATION OF GENETIC PROBE-ISOLATED LACTOCOCCI FOR
POTENTIAL USE IN CHEESE NIANUFACTURE.
INTRODUCTION
Since the work of Vedamuthu in 1966, Lactococcus lactis ssp. cremoris strains
have been the organism of choice for use in the manufacture of aged cheeses. However,
Lc. cremoris strains, as with other strains used in commercial fermentation, are
susceptible to disruptive infection by bacteriophage present in the manufacturing
environment. This phage susceptibility limits the usefulness of some strains thereby
requiring that phage insensitive mutants be developed from the parental strains or new
strains introduced. The need for new strains have prompted the world wide search for
strains suitable for use in the food industry. In spite of many efforts, wild strains of Lc.
cremoris have infrequently been isolated from environmental sources and when isolated
only in limited numbers. In 1993 Salama et al. reported the use of genetic probes to
isolate a large number of Lc. cremoris and Lc. lactis strains from raw milk and milk
products from a wide variety of geographical regions and sources. Prior to the work of
Salama, genetic probe methods had never been used to isolate bacterial strains destined
for potential use in the food industry. Therefore it was important to further characterize
these "wild type" Lactococcus lactis ssp. cremoris and Lactococcus lactis ssp. knits
strains, for unique phenotypic traits which may be useful in strain identification and
commercial applications. Of primary importance and focus was the evaluation of strains
for adequate performance in tests appropriate for use in cheese manufacturing.9
METHODS AND PROCEDURES
Hydrolysis of Arginine
Cultures of probe-isolated strains of both Lactococcus lactis ssp. lactis and
Lactococcus lactis ssp. cremoris were grown overnight in M -17 lactose broth at 30° C.
Aliquots (0.1 ml) of these overnight cultures were used to inoculate 10.0 ml tubes of
Niven's Arginine broth (Niven, 1942), and incubated 2-5 days at 30° C. Following
incubation, 0.3 ml of each broth culture was pipette into sample wells and 0.3 ml of
Nesslers reagent (Gerhardt et al., 1981) added to each. Lc. lactis strain 011 and Lc.
cremoris 205 were used as positive and negative controls, respectively. A positive
reaction for ammonia was the occurrence of a red orange precipitate which also occurred
when dilute ammonium citrate was used as a control.
Reduction of Litmus
Probe-isolates identified as either Lc. lactis or Lc. cremoris were inoculated (1
into litmus milk from overnight cultures then incubated at 22° C until coagulated. Each
culture was examined for the reduction of litmus prior to coagulation.
Coagulation of Milk by Probe-isolates
Probe isolates identified as either Lc. lactis or Lc. cremoris were inoculated into
litmus milk from frozen stocks and incubated at 30° C until coagulated (18-24 hr).
Cultures were then transferred into 10 ml of sterile NFM at 1.0% inoculum and incubated
overnight. Inoculum (1.0%) of each culture was transferred again into sterile NFM and10
incubated at 22° C for 24 hr. Each culture was examined for coagulation of milk after 15,
18, and 24 hours.
Determination of Acetoin and Diacetyl Production Using the King Test
Probe-isolates of Lc. crernoris were grown for 24 hours in 11% solids (wiv)
nonfat milk. Aliquots (2.0 ml) of each culture were transferred to 15 x 150 mm test tubes
containing 1.0 ml of King's reagent A (30% aqueous KOH) and 1.0 ml of King's reagent
B (4.0 grams of a-naphthol, 10.0 ml of amyl-alcohol and 50.0 ml of ethyl-alcohol) and
vortexed (King, 1948). The test tubes were then placed in a 30° C water bath and
incubated for 30 minutes, during which time the tubes were periodically vortexed for air
incorporation. Following incubation each tube was observed for red color, which
indicated the presence of dicarbonyl compounds.
Flavor Development in Milk Incubated with Probe-isolated Strains
Selected strains were tested for flavor developement in milk by inoculating
cartons (236 ml) of 2.0% ultra high-temperature-pasteurized milk (Darigold Inc., Seattle,
WA.) with 1.0% overnight milk culture and incubated at 25° C for 7 days. After 7 days,
each carton was sampled for flavor characteristics (Thunell, 1994).
Growth on Alsan Agar; a Selective and Differential Medium
Lithium chloride sensitivity of isolates was determined using Alsan agar medium
(Al-Zoreky and Sandine, 1991). Alsan agar medium has been shown to be selective in
that Lc. cremoris will not grow in the presence of lithium whereas Lc. lactis strains will
grow. Alsan medium is differential in thatCit+, Lc. lactis strains produce aqua-blue11
colonies (due to citrate metabolism) while Cit-, Lc. lactis strains produce white colonies.
Frozen stocks of probe-isolated strains of both Lc. lactis and Lc. cremoris were used to
inoculate M17 lactose broth (DIFC'O) and incubated at 30° C for 12-24 hr, until good
growth appeared. Each culture was streaked onto FSDA II agar (Wil ken, 1982) and
incubated at 30° C for 48 hr. Large uniform colonies were selected and transferred to
M I7 broth and incubated at 30° C for 48 hr. Each culture was then diluted 10-' in
physiological saline (0.85% w/v) and surface plated onto ALSAN medium using a Spiral
Plater (Model D, Spiral System). Inoculated plates were incubated at 30° C for 48 hr in a
Gas-Pak (BBL) anaerobic system. Following incubation, plates were observed for
growth, colony morphology and changes in agar color. Cit+, Lactococcus lactis ssp. lactis
strain 18-16 and Cit-, Lactococcus lactis ssp. cremoris strain 205 were used as positive
and negative controls, respectively. Strains which showed interesting characteristics were
retested.
API 5() Carbohydrate Utilization
Thirteen isolates of Lc. lactis and thirty-two isolates of Lc. cremoris were tested
for carbohydrate utilization using the API 50 CH (Bio-Merieux, Craponne. France)
method. Laboratory strains Lc. cremoris ML1, Lc. cremoris 205, and Lc. lacti.s. MGI363
were used as controls. Liquid cultures, inoculated from frozen stocks, were spread onto
FSDA II plates and incubated anaerobically at 30° C for 48 hours. Single colonies with
typical appearance were selected, inoculated into M17 broth, and processed according to
the kit manufacturer's directions. API test results were evaluated at 48 hours.
Carbohydrate utilization was indicated by a color change from dark blue to light green or
yellow as a result of acid production.12
Salt Tolerance of Probe-isolates in Milk
Eleven percent solids nonfat milk (NFM) was prepared from nonfat dry milk
powder (Farmers Coop. Creamery, McMinnville. Oregon) and distilled water in 500 ml
bottles. NaCI was added to give final concentrations of 0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5. and
5.0 % salt (w/v). These milks were then autoclaved 14 minutes at 121° C and 15 psi.
Volumes (10 ml) at each salt concentration were aloquated into sterile 15 x 150 mm test
tubes. Each tube was inoculated with 2.0% overnight litmus milk culture. All milk tubes
were then incubated 18 hours at 30° C, after which the pH of each culture at each
concentration was taken (Corning 125 pH meter).
Fermentation Profiles at Cheddar Cheese Manufacturing Temperatures
Fermentation characteristics of probe-isolated U. crernoris and Lc. lactic' and
commercial control strains of each subspecies over the cheesemaking temperature profile
were determined. Fermentations were carried out on a six station fermenter (Jewel
Systems. Logan. Utah), using System VI software (Longmont, CO.). Commercially
prepared frozen concentrates of each culture (Gist-Brocades, Millville, UT.) were used to
inoculate (0.5%) six 1200-ml fleakers (VWR), each containing one liter of ultra-
pasteurized 2% reduced fat milk (UHT, Gossners Cheese, Logan UT.). Each culture was
incubated for seven hours at 90, 96, 100, 102, 104, and 106° F (32.2, 35.6, 37.8, 38.8,
40.0. and 41.1° C). During fermentation the temperature of each milk culture was held
constant and the pH continuously monitored. Following fermentation the change in pH
ApH) over time (At) was plotted using System IV graphing software. The slope of the
exponential portion of each ApH/ At curve was determined and the slope vs. temperature
plotted. Plots of each strain were then compared.13
Acid-producing Activity of Probe-isolates in Milk
Selected strains of the probe isolates were grown in Phase 4 ® starter culture
medium and the acid-producing activity in milk determined. This activity test is used
commercially (Gist-Brocades. Mil lville UT) and is similar to a method described by
Elliker (1949). Phase 4® powder was added to water at a 7.0% solids concentration (76
grams/liter H,0). The medium was pasteurized on the Jewel fermenter by heating to 85°
C and holding for 45 minutes with constant stirring. The medium was then cooled to 27°
C and inoculated (0.5%) from commercially prepared frozen starter concentrates thawed
in 250 ml of water with 250 ppm chlorine. The cultures were then incubated until
approximately pH 5.3 (15-18 hours) was reached. When frozen concentrates were
unavailable, frozen stocks of the probe isolates were used to inoculate sterile NFM (11%)
and grown 24-48 hours at 32° C. Each culture was then transferred again into NFM,
incubated overnight and used to inoculate (1%) 1000 ml of sterile EM Complete Medium
® (Gist-Brocades). Inoculated EM Complete Medium was then incubated at 27° C using
the Jewel fermenter, with 15% NH4OH as an external pH control. Incubation was
allowed to progress until stationary phase was obtained, then cooled to 4° C overnight
and used to inoculate (0.5%) Phase 4® meduim as previously described. Following
incubation in Phase 4®, the cultures were cooled to 4° C. Chilled starter cultures were
then used to inoculate (0.3%) culture tubes containing 10 ml, sterile NFM in duplicate.
The duplicate tubes were then incubated at 32° C for 2.5 hours in a water bath. After 2.5
hours the tubes were chilled in ice water for 5 minutes to stop the reaction. The pH of
each were taken (Corning 125 pH meter). The average pH of the duplicate tubes was
determined and subtracted from the pH of an uninoculated control to determine the ApH.
The greater the ApH the greater the activity of the culture. An alternate activity test
unique to the Tillamook cheese factory was also used and is described in chapter two;
Manufacture of Cheddar Cheese With Genetic Probe Isolated Strains of Lactococcus
lactis subspecies cremoris (Tables 12, 13, and 14).14
Compatibility of Probe-isolated Strains
Compatibility of the rRNA probe isolates was determined using a variation of a
bacteriocin diffusion assay described by Kekessy and Piguet (1970). Frozen stock
cultures were grown in M17 lactose broth as previously described (API Carbohydrate
utilization). Overnight cultures of potential bacteriocin producing strains were spotted
(2.0 pl) onto M17 agar in Lutri plates® (Starkville, MS.). The plates were then incubated
for 48 hr at 30° C. Following incubation the Lutri plates® were inverted and the sterile
side overlaid with 5.0 ml of M17 soft agar, containing 501.t1 overnight culture (indicator
strains). The overlay plates were then incubated for 24 hours at 30° C. Following
incubation, each Lutri plate® was examined for zones of inhibited growth in the lawn of
the indicator strains corresponding to producer colonies. Twenty four probe isolates were
screened for both producer and indicator characteristics. Lc. lactis 7962, a known nisin
producer, was used as a positive control.
Lysogeny Among Probe-isolates
The incidence of lysogenized strains among probe isolates was determined using
mitomycin C (Sigma) induction (Huggins, 1977, Kondo, 1979, Meister 1979, Cuesta,
1995). An incubation temperature of 30° C and a range of concentrations from 1.0-4.0 la
g/ml, which have been shown effective for phage induction, (Meister, 1979) were used.
Overnight cultures grown in M17 lactose broth were used to inoculate (0.2 ml) 10 ml
tubes of M17 broth. Each tube was incubated 3-4 hours to mid-exponential phase (0.2-
0.6 A600nn,), at which time mitomycin C was added to each tube (time 0). Incubation was
continued at 30° C for 6 hours with absorbency readings taken hourly using a Perkin-
Elmer spectrophotometer 35 at )k600nm.As a negative control, each strain was incubated
in the absence of mitomycin C under the same conditions. Other controls included
laboratory strains Lc. cremoris 211, which had been shown inducible in the presence of15
mitomycin C, and Lc. lactis C2 which has been shown to be inhibited by mitomycin C
(Huggins, 1977). Induction in these experiments is indicated by a reduction in
absorbency following treatment of the cells with the inducing agent.
UV induction of phage was also performed on selected strains using the methods
of Huggins and Sandine (1977). Overnight cultures grown in M17 lactose broth were
used to inoculate (0.2 ml) 10 ml tubes of M17 broth. The culture tubes were then
incubated 2-3 hours to mid exponential growth phase, at which time each was back-
diluted to 2.0-3.0 A600with M17 broth. Then 10 ml of each culture was prepared as
previously described (Huggins, 1977), irradiated with UV light for 15 seconds with
constant swirling, then incubated at 30° C for 5.0 hours. Absorbance at 2 ,,600,, was
measured and recorded hourly as described above. Non-irradiated cultures were used as
negative controls. Positive controls included Lc. cremoris 211. and Lc. lactis C2 both of
which have been shown to be UV inducible (Huggins and Sandine. 1977).
Thermal induction of bacteriophage was also attempted (Feirtatz, 1987). Selected
probe isolates were grown overnight in M17 glucose broth and transferred (-0.2 ml to
0.05-0.1 A600,m) into duplicate 10 ml, M17 lactose broth tubes. For thermal treatment of
cells, culture tubes were incubated at 30° C for one hour. The temperature was then
increased to 40° C over a period of one hour, held at 40° C for 3-3.5 hours, followed by
cooling to 30° C over one hour. Control tubes of each strain were incubated at 30° C for
7.0 hours. Absorbance at k000nm was recorded hourly as previously described. Lc.
cremoris 211 was used as a potentially inducible control strain, since it was inducible
using mitomycin C and UV(Huggins, 1977). No evidence was available for thermal
induction of this strain, however.
Plasmid Profiles of Selected Probe-isolates and Controls
Selected probe isolates were used to determine plasmid profiles among strains
isolated from the same source and from diverse geographic locations. Strains were grown
from frozen stocks in M17 lactose broth and spread onto FSDA II plates for isolation.16
FSDA II plates were incubated 2448 hours after which isolated colonies were selected
and grown in M17 lactose broth overnight then transferred (0.2 ml) into 11%nonfat milk
and stored at 4° C. Milk tubes were incubated overnight at 30° C and used toinoculate
(0.1 ml) 10 ml of M17 broth. M17 broth tubes were incubated overnight at30° C and the
cells used in the plasmid preparations for the assay. Control strains C2and MG1363
were obtained from Todd Klaenhammer(North Carolina State University). Strain C2
contains multiple plasmids (Davies, 1981) where as MG1363 is a plasmidfree, Lac-
derivative of C2 (Gasson, 1983). The control strains were grown as describedfor the
probe isolates with the exception that the stock culture was contained in an MI7 agar
deep when obtained from Dr. Klaenhammer. Strain MG1363 was grown in M17 glucose
broth instead of MI7 lactose due to the Lac- phenotype. The plasmid mini-prep isolation
method was previously described (O'Sullivan, 1993) and was followed closely with the
following specific reagents: Lysozyme from chicken egg white (Sigma Chemical Co, St.
Louis, MO), phenol/chloroform, ethidium bromide and RNase (Gibco BRL)
Gel electrophoresis of the plasmid mini-prep was done using previously described
methods (Sambrook et al., 1989). A six inch agarose gel containing ten, 5.8 x 1.5 mm
sample wells was prepared using 0.6% agarose (Ultra Pure Reagents, International
Biotechnologies) in lx TAE buffer (pH 8.0) (Sambrook). Plasmid mini-prep DNA was
added 5:1 to 6X Blue/Orange loading dye (Promega, Madison, WI.). The prepared
agarose gel was placed into a gel box(Bio-Rad, DNA sub-cell) containing lx TAE buffer
(pH 8.0). Plasmid prep DNA (20.0 pl/well) and a 2-16 kb. supercoiled DNAladder (2.0
pi/well) (Gibco-BRL), were then loaded into the loading wells and electrophoresed at 90
volts for 3.5 hours. After electrophoresis the gel was removed from the gel box and
stained for 30 minutes in lx TAE containing 50 µl ethidium bromide solution (0.5 mg/ml
ethidium bromide). DNA bands were visualized and recorded by an ImageStore 7500 gel
documentation system (Ultra Violet Products).17
Sensitivity of Probe-isolates to Phages in Commercial Whey Samples
Strain sensitivity to phages in whey samples collected daily from commercial
cheese factories was determined in collaboration with Gist-Brocades Inc., Culture and
Media Division, in Millville Utah, using commercial methods. Probe isolated strains
were included with commercial strains in dailytesting against all incoming whey
samples, five days each week for eight months. At least seventeen commercial cheese
factories were represented among the whey samples tested. Whey samples were filter-
sterilized through 0.45 IA membrane filters. Frozen stock cultures were thawed in cool
chlorinated water (250 ppm chlorine) and used to inoculate 5 ml. of sterile bromcresol
purple (BCP) milk in tubes (0.15 gr. BCP/liter). Enough culture was added to each BCP-
milk tube (1-3 drops volume required for each culture as determined through
experimental results) to turn the BCP-milk from blue to yellow in 5-6 hours at 31 °C in
the absence of phage inhibition. Serial dilutions of filter-sterilized whey were added to
each BCP-milk tube containing culture. A BCP-milk tube containing whey but no culture
was used as a control for whey sterility and a BCP-milk tube containing culture but no
whey was used as a negative control for phage inhibition. All tubes were incubated at 31°
C for 6 hours. Comparison of each culture tube containing whey dilutions with its
respective control tube allows a determination of phage inhibition and a rough estimation
of phage concentration in the whey. Tubes which were yellow indicated no inhibition,
yellow-green indicated slight inhibition and blue to blue-green indicated definite
inhibition. Due to the magnitude of the numbers of commercial whey samples tested,
only those showing phage inhibition are reported.
RESULTS
Phenotypic characteristics observed among probe isolates of both Lc. lactis and
Lc. cremoris are reported in Table 1.18
Table 1. Phenotypic characteristics of rRNA probe-isolates ofLactococcus lactisssp.
lactis andLactoccus lactisssp.cretnois.
Coagulation of milkAcetoin and Flavor
HydrolysisReduction of at 22°C for diacetyl development in
Strainof arginine glitmus milk e15-18 hr 24 hrproduction
d Milk
Lc. lactis ssp. lactis '
011 + + +/- + Sweet, low acid
023 + + + Clean acid
61 + + + Clean acid
82 + + + Clean acid
83 + + +1- + Clean acid
111 + + + + - Clean acid
112 + + + - Bitter, malty
408 +1- + + + Slight malty
822 + + + Clean acid
BEN121 + +1- - Bitter, malty
B034 + + Bitter
B035 + +1- Bitter
B036 + + - Bitter
B038 + + + - Bitter
B039 + + Bitter
FB1 + +1- Clean acid
FB12 + + + Acid
FB62 + + Clean acid
MS-3 + +1- + - Slightly bitter
MS-7 + +1_ + Clean acid
MS-11 + + + Clean acid
MS-22 + + + + Malty
MS-39 + + + + Sweet. off flavor
MS-70 + + + + Off flavor
79626 + + NA
Lc. lactis ssp. cremoris f
1117 + Bitter. off flavor
AM4 + + + Bitter
AM5 + + - Flat
AM12 + + +1- Bitter, malty
B032 + Flat, off flavor
CM1-3 + + Bitter
CM4-27 + + + Slightly bitter
CM5-6 + + + Acid, chalky
CO3 +1- + + + Slightly malty
MS-5 + + + Slightly bitter
MS-9 + + + Clean acid
MS-13 + + Clean acid
MS-16 + + + Slightly bitter
MS-17 + + + Clean acid
MS-23 + + + Clean acid
MS-24 + + + Clean acid19
Table 1. Continued.
Coagulation of milk Acetoin and Flavor
HydrolysisReduction of at 22 °C for diacetyl development in
Strain litmus milk '15-18 hr24 hr
d Milk
MS-25 + + + Clean acid
MS-26 + + + Clean acid
MS-27 + + # Clean acid
MS-31 + + + Clean acid
MS-33 + + + Clean acid
MS-34 + + + Bitter
MS-44 + + + Clean acid
MS-45 + + + Clean acid
MS-49 + + + Clean acid
MS-51 + + + Clean acid
MS-52 + + + Clean acid
MS-53 + + + Clean acid
MS-54 + + + Clean acid
MS-55 + Clean acid
MS-58 + + + Fiat
MSUA2 + Off flavor
MSUA10 + + Bitter
205' + + + Clean acid
+, -, and +/-,positive, negative, and intermediate reaction, respectively
Lactococcus lactic ssp. lactis 7962. OSU laboratory strain
Lactococcus lactis ssp. cremoris 205, OSU laboratory strain
Determined by King's test
Litmus reduction occured prior to coagulation of 11% solids non-fat milk
Lactococcus lactis ssp. Ref. Salama et al. 1995 and Urbach et al. 1997
g Determined by Niven's broth test
Hydrolysis of Arginine
Of the 24 Lc. lactis strains grown in arginine broth and then reacted with
Nessler's reagent, six were positive for arginine hydrolysis (Arg+) one was indeterminate
and 17 were negative (Arg-). Of the 33 Lc. cremoris strains, 32 were Ar2- and one was
indeterminate. These results differ from those obtained when differential broth (Reddy,
et al. 1971) was used to determine arginine utilization, as reported by Salama et al.
(1995) and Urbach et al. (1997). Salama et al. reported that Lc. lactis strains BEN121,20
FBI,FB62, MS-3, MS-7, MS-22, MS-70 and Lc. cremoris strains AM4,CM1-3, CM4-
27,CM5-6, CO3 and MS-34 were of theAre phenotype. Whereas, in this study, these
strains were Arg- or indeterminate (CO3) when arginine broth andNiven's reagent were
used. Salama had similar results for the Lc. cretnoris strains asreported in table 1, when
arginine broth and Niven's reagent were used (unpublished data).
Reduction of Litmus
Fifty-eight of 58 strains grown in litmus milk, reduced litmus prior to coagulation.
These data are consistent with earlier data from Salama (1995), both published and
unpublished.
Coagulation of Milk at 22°C
Of the 24 Lc. lactic strains inoculated into milk tubes and incubated for 15 to 18
hours, ten completely coagulated the milk, three had partial coagulation, and elevenhad
no coagulation. After 24 hours ofincubation, four strains had partial coagulation and the
remainder were completely coagulated. Of the 33 Lc. cretnoris strains inoculated into
milk, 23 strains had fully coagulated the milk and ten had no coagulation after 15 to 18
hours of incubation. After 24 hours of incubation, 29 strains had completely coagulated
the milk, however, four strains remained uncoagulated.21
Acetoin and Diacetyl Production (King's test)
As shown in Table 1, four strains of Lc. lactis,011, MS-22, MS-39, and MS-70
tested positive for the production of acetoin plus diacetyl. Of the 33 Lc. cremoris strains
tested, one strain tested positive (MS-34) and one strain was indeterminate (AM 12) for
production of acetoin plus diacetyl.
Flavor Development in Milk
Flavor development in milk produced by both Lc. lactis and Lc. cremoris strains
following incubation for seven days at 25° C are reported in Table 1. Eleven of 24 Lc.
lactis strains produced clean acid flavor. One strain (011) was described as sweet and
low acid. The remaining strains all developed undesirable flavors described as bitter,
malty, or other off-flavor. Nineteen of 33 Le. cremoris strains produced clean acid flavor.
Three strains AM5, B032, and MS-55 produced flavor described as flat. CM5-6
produced an acid and chalky-like flavor. The remaining strains produced bitter and, or
malty flavors. Several of the Lc. cremoris strains produced only slightly bitter or slightly
malty flavors, vs. definite bitter or malty as was predominant among the Lc. lactis strains.
In general the strains derived from sources in Morocco (MS) (Salama et al., 1995)
produced the desirable clean acid fermentation of milk; whereas most of the strains
derived from other sources produced undesirable off-flavors.
Growth on Alsan Agar; a Selective and Differential Medium
Table 2 compares various probe isolates for the ability to grow on Alsan agar in
the presence of lithium, and the ability to metabolize citrate, which is indicated by blue
colonies. Of the eight probe-isolated strains of Lc. lactis initially plated, five had goodgrowth with moderate-sized colonies. Two strains produced small or very small colonies,
and one strain, MS-3, was completely inhibited (Figure 1). On initial plating only FB 1
and FB62 produced blue colonies; thus, an indication of citrate utilization. Following
additional subculturing, subsequent plating resulted in only the off-white colony
phenotype. Interestingly, of all the 32 strains that showed growth on Alsan medium, only
FB I caused the medium to darken to a smoky green color. All other strains caused the
agar to become light green to yellow (the degree of lightening was dependent on the
amount of growth). Figure 2 shows typical growth observed among the lactis strains.
Table 2. Growth of probe-isolated strains of Lactococcus lactis ssp. lactis, Lactococcus
lactis ssp. cremoris, and control strains on Alsan agar, a selective and differential medium
Strain Growth Growth and colony morphology
Lc.lactis ssp. lactis
B036 off white to yellow
B038 off white to yellow
B039 off white to yellow
FBI off white to yellow d'e
FB62 off white to yellow d
MS-3 none
MS -11 very small, off white to yellow
MS-70 small, off white to yellow
CitT Lc. lactis ssp.
lactis
18-16 6 mixed morphology; both large and small, and off
white and blue colors
Lc. lactis ssp. cremoris
1117 none
B032 off white to yellow d
CM 1-3 off white to yellow
CM4-27 off white to yellow
CM5-6 pale blue, some with slightly darker centers23
Table 2. Continued.
Strain Growth Growth and colony morphology
CO3 + very little growth with pin point colonies
MS-5 + off white to yellow
MS-9 + little growth with off white to yellow colonies
MS -13 none
MS- 1 7 + small. off white to yellow
MS-23 + little growth,small, off white to yellow
MS-24 + little growth,small, off white to yellow
MS-25 + small, off white to yellow
MS-26 + very small colonies, off white to yellow
MS-27 + small ,off white to yellow
MS-3 1 + small, off white to yellow
MS-33 + small, off white to yellow
MS-34 + little growth, small, off white to yellow
MS-44 + small, off white to yellow
MS-51 + pale blue some with slightly darker centers
MS-52 + very small, off white to yellow
MS-53 + very small, off white to yellow
MS-55 + small, off white to yellow
MS-58 + very , little growth (9 colonies)
MSUA2 + very small, off white to yellow
MSUA I 0 + very small, off white to yellow
205` none
ML 1 ' none
+ = visible zrowth, = no visible growth.
h Cit+ Lc. lactis ssp.lactis18-16,OSU laboratory strain.
Lc. Lactic ssp. cremoris 205 and ML1, OSU laboratory strains.
d Strains whose colony color changed from pale blue to off white following subculturing and
replating.
e Color of agar medium darkened to smoky-green vs. light yellow-green for all other strains
where growth occurred.Figure 1. Lactococcus lactis ssp. lactis MS-3 (Urbach et al. 1997) spiral plated on Alsan
agar medium, with an absence of growth.
Figure 2. Lactococcus lactis ssp. lactis B036, grown on Alsan agar, showing the typical
growth observed for the probe-isolated strains of Lc. lactis ssp. lactis.25
Among the 26 probe-isolated strains of Lc. cremoris plated, there was great
variation in growth (Table 2). However, in general the growth observed among the
cremoris strains was significantly less than the lactis strains. Six strains produced
moderate-sized colonies, seven strains produced small colonies, eight strains produced
very small colonies and five strains had little growth with very small colonies. One strain
had very little growth with only pin-point colonies and two strains were completely
inhibited. On initial plating, all strains that grew with the exception of B032, CM5-6 and
MS-51 produced off white to yellow colonies. Following subculturing and replating, only
CM5-6 (Figure 3) and MS-51 produced blue colonies. Figure 4 shows strain B032 which
had atypical growth for a cremoris strain, with large colonies and good growth.
Figure 3. Lactococcus lactis ssp. cremoris CM5-6 (Urbach et al. 1997) spiral-plated on
Alsan agar medium. Shown, are aqua-blue colonies typical for Cit+ Lc. lactis ssp. lactis
strains, as described by Al-Zoreky and Sandine (1991) but atypical for Lc. lactis ssp.
cremoris strains.26
Figure 4. Lactococcus lactis ssp. cremoris B032, grown on Alsan agar, showing atypical
growth for Lc. cremoris strains. Typical growth included fewer and smaller colonies.
Of the three control strains, Lc. cremoris 205 (Figure 5) and ML1 were both
completely inhibited. Cit÷, Lc. lactis 18-16 (Figure 5) produced both blue and white
colonies. These data were consistent with the observations of Al- Zoreky and Sandine
(1991) which showed that Lc. cremoris strains are inhibited by lithium and that citrate
utilization by Cit+ Lc. lactis ssp. lactis results in blue colonies on Alsan medium. The
mixed colony morphology of strain 18-16 (Table 2 and Figure 5) suggests either a mixed
culture or instability of the Cit+ phenotype following storage at -70 C.Figure 5. Control strains Lactococcus lactis ssp. cremoris SC-205 and Cit+ Lactococcus
lactis ssp. lactis 18-16 spiral-plated on Alsan agar medium. A lack of growth by SC-205
and blue colonies produced by 18-16 are typical results for these strains, as described by
Al-Zoreky and Sandine (1991). The mixed colony morphology of 18-16 may be a result
of contamination or instability of the Cie phenotype following freezing.
API 50 Carbohydrate Utilization
The abilities of probe-isolates to utilize various carbon sources under anaerobic
conditions to produce acid, using the API 50 CH system, are reported in Table 3. All
strains were positive for the utilization of galactose, D-glucose, D-fructose, D-mannose,
N-acetyl-glucosamine, and lactose, with the exception of FB1 and the control strain
MG1363, which were unable to utilize lactose (MG1363 has been cured of the Lac
plasmid). All strains were negativefor acid production from glycerol, erythritol, D-
arabinose, L-arabinose, L-xylose, a-methyl-D-glucoside, melibiose, inuline, melezitose,
D-raffinose, glycogen, xylose, D-turanose, D-fucose, L-fucose, D-arabitol, 2-keto-
gluconate, and 5-keto-gluconate.28
Table 3. Utilization of various carbohydrates by probe-isolates and Lactococcus lactis
ssp. cremoris laboratory control strains, using the API 50 procedure.
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Table 3. Continued.
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All strains were negative for acid production from glycerol, erythritol, D-arabinose,
L-arabinose, L-xylose, adonitol, B-meth; 1-xyloside, L-sorbose, rhamnose, dulcitol,
inositol, sorbitol, a-methyl-D-mannoside, a-methyl-D-glucoside, melibiose. inuline.
melezitose, D-raffinose, glycogen, xylitol, D-turanose, D-fucose, L-fucose.
D-arabitol, 2-ceto-gluconate, 5-ceto-gluconate
i) Laboratory strains of Lactococcus lactis ssp. cremoris
Figure 6 shows the biochemical fingerprint of Lc. lactis B036 using the API 50
CH system. With the exception of this strain's ability to utilize amvgdaline, B036 is
representative of the majority of the Lc. lactis strains tested. Most other Lc-. lactis strains
(Table 3) varied in their ability to utilize one or two other carbon sources. However,
three strains. MS-3. MS-7, and MS -1 1 were only able to utilize the six carbohydrates
listed above, which were common to all strains of both Lc. lactis and Lc. cremoris. In
this regard these three strains more closely resembled Lc. cremoris strains (Figure 7).
Only strain BEN121 was able to utilize D-xylose.05 !..h. HJ OS !tb,
Figure 6. A biochemical profile of Lactococcus lactis ssp. lactis B036 using the API 50
CH system. Strain B032 was able to utilize (sequentially beginning with # 5) ribose,
galactose, D-glucose, D-fructose, D-mannose, N- acetyl-glucosamine, amygdaline,
arbutine, esculine, salicine, cellobiose, maltose, lactose, trehalose, and amidon.
Figure 7.. A biochemical profile of Lactococcus lactis ssp. cremoris. MS-23 using the API
50 CH system. MS-23 was able to utilize (listed sequentially beginning with #10)
galactose, D-glucose, D-fructose, D-mannose, N-acetyl-glucosamine and lactose.31
The biochemical fingerprint of MS-23 shown in Figure 7 is typical of the majority
of Lc. cremoris strains tested. Strains 13032, CM 1 -3, CMS -6, CO3, MS-34, and MS-51
however, had profiles more typical of Lc. lactis strains (Figure 6). Other Lc. cremoris
strains utilized one to four carbon sources in common with Lc. lactis strains, in addition
to those common to all strains (Table3). As noted above, the profile produced by MS-51
was similar to Lc. lactis strains. However, when MS-51 was grown from commercially
prepared frozen concentrates, (vs. laboratory frozen stocks of the original isolates) a
profile identical to Lc. cremoris MS-23 (Figure 7) was produced.
Variation was also observed among the Lc. cremoris control strains (Table 3). In
addition to the six carbon sources utilized by all strains, strain 205 also utilized
cellobiose. Strain ML1 was unique in that it did not utilize galactose. The plasmid free,
Lac-, Lc. cremoris strain MG1363, produced a biochemical profile analogous to Lc. lactis
strains with the exception of lactose utilization.
Salt Tolerance of Selected Lactococcus lactis ssp. cremoris and Lactococcus hulls ssp.
lactis Probe-isolated Strains
Table 4 shows salt tolerance patterns for select probe-isolated strains of Lc.
cremoris, Lc. lactis and representative control strains of each, measured by the pH
obtained when grown for 18 hours at 30° C in milk containing salt concentrations from 0
to 5% (wt/vol.) in 0.5% increments. Figures 8 through 11 show graphical representation
of these data for both typical and atypical strains. Included in Figures 8 through 11 are
Lc. cremoris and Lc. lactis control strains for comparison.
Of the 24 Lc. cremoris strains tested for salt tolerance in milk, two strains,
MSUA10 and 211(Lc. cremoris control strain), were significantly inhibited (> 1.5 pH
units difference) between 2.5 and 3.0% salt (Figure 8). Seventeen strains were
significantly inhibited between 3.0 and 4.0% salt, with complete or nearly completeTable 4. Salt tolerance of probe-isolated strains of Lactococcus lactis ssp. cremoris. as
measured by the pH attained in milk containing increasing concentrations of NaCI and
incubated at 30° C for 18 hours.
Strain 1 0.0
Lc. cremoris
AM4 4.32
B032 5.29
CM 1-34.30
MS-5 4.38
MS-9 4.31
MS-164.35
MS-174.37
MS-234.38
MS-244.36
MS-254.37
MS-264.42
MS-274.38
MS-31 4.41
MS-334.46
MS-344.43
MS-444.37
MS-454.37
MS-494.37
MS-514.33
MS-524.31
MS-534.38
MS-584.40
MSUA104.36
211 4.32
Lc. lactis
MS-114.39
FB62 4.36
CJW8 4.36
Control6.41
32
0.51.01.52.0
NaC1
2.53.03.54.04.55.0
4.304.304.344.384.454.564.745.135.495.78
5.425.425.355.355.395.515.505.605.795.90
4.284.284.334.374.474.554.704.915.225.55
4.354.344.374.414.494.604.826.166.216.19
4.264.264.284.324.444.585.106.156.196.19
4.294.294.314.364.424.575.066.066.196.19
4.324.324.344.394.444.565.026.196.246.23
4.334.334.364.404.484.655.346.146.186.19
4.314.314.354.384.464.575.116.146.196.19
4.304.294.324.374.444.585.136.116.186.18
4.374.374.404.464.544.675.286.176.196.21
4.334.334.364.434.524.655.096.166.226.22
4.374.374.414.484.584.725.566.236.256.24
4.414.434.504.574.664.775.025.746.136.21
4.384.414.1.24.424.,174.624.905.255.725.94P
4.284.294.294.344.424.535.085.986.146.18
4.304.294.344.404.504.675.256.166.176.17
4.344.334.364.414.474.604.785.135.505.79
4.314.314.324.364.424.524.684.915.235.50
4.254.244.274.314.384.535.776.126.156.15
4.344.334.354.404.494.635.056.166.196.19
4.334.314.354.424.484.605.356.206.236.23
4.304.304.344.414.586.056.176.196.206.20
4.284.294.324.374.556.206.176.186.196.19
4.324.314.344.364.434.535.246.176.236.23
4.364.364.394.444.554.694.955.255.575.76
4.344.344.384.464.504.594.694.865.065.33
6.386.356.306.276.256.256.226.226.226.22
Lc. cremoris 211; an 0 SU laboratory strain
Lc. 1 CJW 8; a Lactococcus lactis ssp. lactis commercial control strain
Control = uninoculated milk tubes at each NaClconcentration33
inhibition observed at 4.0%. Figure 9 shows the typical growth pattern observed for Lc.
cremoris strains, represented by strains MS-9 and MS-23. Of note is the dramatic
difference in pH obtained when grown at 3.0% and 4.0% salt. Four strains, AM4, B032,
CM1-3, MS-49 and MS-51 were much more salt tolerant up to and including 5.0% salt.
These five strains were comparable to the Lc. lactis control strain CJW8 for salt
tolerance, as represented by MS-51, in Figure 10.
6.5
Salt Tolerance in Milk
4.0
0 0 0.5 1.0 1.5 2.0 2.5 3.0
% NaCI (wt/vol)
3.5 4.0 4.5 5 0
--o-- MSUA10
--6-- Lc. ICJW8
Lc. c 211
Figure 8. Salt tolerance of Lactococcus lactis ssp. cremoris isolate MSUA10, with Lc.
lactis CJW8 and Lc. cremoris 211 control strains, measured by pH attained during
growth at 30° C for 18 hours in milk containing increasing salt concentrations.
Salt tolerance for Lc. lactis strains are shown in Figure 11. Strain MS-11 showed
salt tolerance identical to the majority of the Lc. cremoris strains, with significant
inhibition occurring between 3.0 and 4.0% salt. Strain FB62 was more typical of Lc.
lactis strains although less salt tolerant than the control strain CJW8.6.5
6.0
5.5
5.0
4.5
Salt Tolerance in Milk
4.0 ,
0.0 0.5 1.0 1.5 2.0 2.5 3.0
% NaCI (wt/vol)
3.5 4.0 4.550
--o- MS-9
--dr- MS-23
-1111-Lc. ICJW8
Lc. c 211
Figure 9. Salt tolerance of Lactococcus lactis ssp. cremoris isolates MS-9 and MS-23
with Lc. lactis CJW8 and Lc. cremoris 211 control strains, measured by pH attained
during growth at 30° C for 18 hours in milk containing increasing salt concentrations.
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Figure 10. Salt tolerance of Lactococcus lactis ssp. cremoris isolate MS-51, with Lc.
lactis CJW8 and Lc. cremoris 211 control strains, measured by pH attained during growth
at 30° C for 18 hours in milk containing increasing salt concentrations.35
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Salt Tolerance in Milk
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Figure 11. Salt tolerance of Lactococcus lactis ssp. cremoris isolates MS-11 and FB62
with Lc. lactis CJW8 and Lc. cremoris 211 control strains, measured by pH attained
during growth at 30° C for 18 hours in milk containing increasing salt concentrations.
Compatibility of Probe-isolated Strains Determined by Diffusion Assay Using the Lutri
Agar Plate Method
Shown in Table 5 are the results of Lutri agar plate testing (a diffusion assay) of
probe-isolates for sensitivity or resistance to inhibitory substances produced by other
probe-isolates and Lc. lactis 7962 (a known nisin producer). Lc. cremoris strain C2 and
the plasmid free derivative of C2, MG1363 are also included for comparison of
sensitivity.
Twenty-four probe isolated strains were tested as potential producer strains
against 24 corresponding indicator strains. Of the 24 producer strains only MS-49, B032,
CM1-3, and AM-4 were found to be inhibitory. These four strains and Lc. lactis 7962
inhibited nearly all of the indicator strains. Figure 12 shows the sensitivity and resistance
observed for the indicator strain, Lc. cremoris MS-24. The pattern of sensitivity36
(Figure 12) to all four of the producing strains listed above and 7962 was typical for the
majority of the indicator strains. Notable exceptions to this pattern include MS-34, which
was partially resistant (Table 5, reduced font +) to MS-49 and AM-4, and completely
resistant to CM1-3 and 7962. MS-51 was partially resistant to MS-49 and AM-4 and
completely resistant to 7962.
The sensitivity patterns among the four producing strains against each other is
particularly interesting. None of the producing strains were sensitive to self-produced
substances and only strains MS-49 and AM-4 had identical patterns of both sensitivity
and resistance. Strain MS-49 was sensitive to B032 but not to CM1-3, AM-4, or 7962.
B032 is weekly sensitive to MS-49 and AM-4 but resistant to CM1-3, AM-4 and 7962.
CM1-3 was sensitive to MS-49, B032, AM-4 and 7962; AM-4 was sensitive to B032, but
resistant to MS-49, CM1-3, and 7962. The nisin producing control strain Lc. lactic 7963.
was sensitive to B032, and CM1-3 but resistant to MS-49 and AM-4.
The sensitivity and resistance patterns of Lc. cremoris C2 and the plasmid free
derivative of C2, MG1363 were identical, both to each other and to the majority of the
non-producing strains (Table 5).Table 5. Results of Lutri agar plate testing of probe-isolated lactococcal strains to measuresensitivity (+) of various indicator strains to
inhibiting substance(s) elaborated by producer strains.
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a Lactococcus lactis ssp. lactis 7962, a known bacteriocin (nis n) producer.
bLactococcus lactis ssp. creinoris laboratory strains C2 and M G1363, a plasmid free variantof C2.MS-9MS-16MS-44
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Figure 12. Top; Lutri agar plates showing the sensitivity (clearing) or resistance of MS-24
to inhibitory substances from producer strains. Bottom; position and identification of
tested colonies seen on Lutri plates above.39
Determination of the Incidence of Ly;ogeny Among Select Probe-isolated Strains of
Lactococcus lactic ssp. cremoris and Control Strains, Using Mitomycin C, UV Light, and
Thermal Induction Methods
Mitomycin C: The results of induction of hacteriophages present in probe-
isolated lactococcal strains and controls using 4.0 ..1g"-cAl mitomycin C are shown in Table
6. Of the 23 probe-isolates tested only MS -51 had a reduction in absorbance indicative of
induced lysis (Figure 13, top). Lysis was recorded two hours following the addition of
mitomycin C, with a reduction in absorbance from 0.609 to 0.419. This reduction was
followed by a steady increase in absorbance over the remaining four hours of incubation.
Mitomycin C concentrations of 0.5, 1.0, 2.0, 3.0, and 5.0 1..tgi'ml were also used (data not
shown) but were found to be less efficient in producing lysis among the known lysogenic
control strains C2, Hi, and 211 and MS-51. All strains were growth inhibited in the
presence of mitomycin C, however, after six hours of incubation, sixteen strains obtained
absorbance readings greater than one-half that obtained by their respective untreated
controls, including MS-51. TL'- growth pattern typical of the majority of these strains is
represented by MS-44 in Figure 14 (bottom). The remaining seven strains represented by
MS-9, in Figure 14 (top) were significantly inhibited by 4.0 µg /m1 mitomycin C, with
little increase in absorbance occurring after the first hour of incubation. Control strains
C2 and 211 (Figure 15) had declining absorbance readings from the third to the sixth hour
of incubation, indicating induction of lysis for these strains. Control strain H, showed
inhibited growth similar to that observed for strain MS-9 (Figure 14).Table 6. Mytomycin C (4.0 µg /ml) induction of bacteriophages in probe-isolatesand
control strains.
Strain Oa 1
Time in hours
2 3 4 5 6
AM4 0.44 0.72 0.84 0.93 0.97 0.96 0.95
0.43 0.82 1.13 1.20 1.21 1.18 1.18
B032 0.59 0.88 0.98 0.98 1.00 1.02 1.02
0.56 0.99 1.04 1.05 1.07 1.08 1.08
CM1-3 0.36 0.61 0.75 0.86 0.93 0.94 0.94
0.31 0.64 0.97 1.20 1.24 1.26 1.25
MS-5 0.30 0.47 0.60 0.71 0.86 0.93 0.93
0.44 0.86 1.08 1.09 1.09 1.09 1.10
MS-9 0.25 0.35 0.39 0.41 0.43 0.45 0.45
0.24 0.36 0.60 0.94 1.05 0.94 0.91
MS-11 0.33 0.51 0.63 0.72 0.81 0.90 0.92
0.32 0.57 0.95 1.30 1.29 1.20 1.14
MS-16 0.22 0.39 0.51 0.66 0.84 1.02 0.96
0.22 0.39 0.71 1.23 1.24 1.16 1.10
MS-17 3.15 0.52 0.65 0.73 0.82 0.84 0.85
0.32 0.60 0.97 1.29 1.24 1.16 1.12
MS-23 0.26 0.34 0.39 0.41 0.42 0.43 0.43
0.22 0.38 0.61 0.85 1.06 0.99 0.91
MS-24 0.24 0.30 0.33 0.35 0.35 0.37 0.36
0.22 0.36 0.58 0.84 0.94 0.91 0.91
MS-25 0.25 0.38 0.51 0.66 0.85 0.96 0.94
0.25 0.42 0.78 1.30 1.25 1.15 1.10
MS-26 0.22 0.31 0.36 0.45 0.56 0.71 0.83
0.19 0.31 0.50 0.84 1.08 1.10 1.08
MS-27 0.22 0.30 0.37 0.47 0.63 0.77 0.94
0.16 0.27 0.42 0.72 0.92 1.11 1.07
MS-31 0.23 0.33 0.37 0.41 0.46 0.52 0.56
0.17 0.31 0.47 0.80 1.09 1.14 1.10
MS-33 0.33 0.49 0.62 0.82 1.08 1.09 1.11
0.27 0.47 0.77 1.16 1.15 1.20 1.19
MS-34 0.28 0.34 0.37 0.40 0.42 0.44 0.45
0.24 0.39 0.66 0.88 1.24 1.28 1.30
MS-44 0.24 0.40 0.54 0.71 1.04 0.98 0.95
0.23 0.41 0.79 1.26 1.31 1.12 1.07
MS-49 0.65 1.02 1.12 1.12 1.11 1.11 1.10
0.62 1.13 1.30 1.33 1.33 1.32 1.32
MS-51 0.34 0.61 0.42 0.47 0.64 0.80 0.82
0.32 0.76 1.05 1.22 1.22 1.21 1.21
MS-52 0.30 0.52 0.77 0.99 0.94 0.94 0.93
0.28 0.45 0.79 1.22 1.17 1.10 1.08
40Table 6. Continued.
Time in hours
Str 1 2 3 4 5 6
MS-58 0.20 0.28 0.34 0.34 0.37 0.40 0.40
1.06 1.98 0.35 0.52 1.10 1.25 1.28
MSUA10 0.25 0.38 0.45 0.45 0.49 0.51 0.52
0.23 0.37 0.55 0.69 0.93 1.10 1.28
C2c 0.42 0.70 0.69 0.42 0.32 0.28 0.26
0.41 0.72 1.05 1.10 1.14 1.14 1.13
H2 c 0.20 0.30 0.40 0.44 0.48 0.50 0.51
0.19 0.31 0.58 0.88 1.02 1.02 1.03
211
C 0.29 0.46 0.56 0.33 0.27 0.25 0.26
0.25 0.45 0.78 1.08 1.07 1.06 1.06
a Time 0 = time when mitomycin C was added to each culture tube.
bShaded rows designate untreated control tube values.
C2, H2, and 211, strains previously shown to be lysogenic (Huggins and Sandine, 1977)
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Figure 13. Absorbance readings of Lactococcus lactis ssp. cremoris strains MS-51
following the addition of 4.0 tg/ml mitomycin C, recorded hourly during incubation at 30
° C for 6 hours.1.2
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Figure 14. Absorbance readings of Lactococcus lactis ssp. cremoris strains MS-9 (top),
MS-44 (bottom), and untreated controls, following the addition of 4.0 pg/m1mitomycin
C, recorded hourly during incubation at 30° C for 6 hours.0 1 2 3 4 5 6
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Figure 15. Absorbance readings of Lactococcus lactis ssp. cremoris strains 211 (top), C2
(bottom), and untreated controls, following the addition of 4.0 pg/m1mitomycin C,
recorded hourly during incubation at 30° C for 6 hours.44
Ultra-violet light induction: Ultra-violet light (UV) induction of bacteriophage in
select probe-isolates and control strains, determined by absorbance at 600nm, are reported
in Table 7. Of the eight probe-isolates treated with Uri light, only strain MS-51 showed a
reduction in absorbance indicative of cell lysis. The reduction in absorbance recorded at
the second hour of incubation following UV treatment was followed by increasing
absorbance readings during the remaining incubation period. This result is similar to that
observed when MS-51 was treated with mitornycin C (Figure 14). only more pronounced.
The remaining seven probe-isolates showed a variety of sensitivity or apparent resistance
to UV light under the conditions used. The typical response among strains, represented
graphically by MS-9 in Figure 16, was an increase in absorbance for several hours
followed by a cessation in growth relative to each strain's respective control. Strain
CM1-3 (Figure 16) was completely resistant to UV treatment under the conditions used.
Control strain C2 decreased in absorbance from the first to the third hour of incubation
following UV treatment, indicating induced iysis had occurred. This was followed bya
slow increase in absorbance during the remaining incubation period. UV induced lysis of
control strain 211 is also suggested. Shown in Figure 17, is a decrease in absorbance for
strain 211 beginning in the third hour of incubation and continuing for the incubation
period.Table 7. UV light induction of bacteriophages in probe-isolates and controlstrains,
determined by change in absorbance at 600nm over time
Strain
Incubation time (hours)
A0 1 2 3 4 5
AM4 0.35
0.37
0.55
0.66
0.66
0.97
0.84
1.22
1.11
1.27
1.14
1.28
B032 0.28
0.30
0.48
0.43
0.54
0.62
0.61
0.97
0.69
1.09
0.75
1.12
CM1-3 0.40
0.40
0.67
0.62
0.91
0.89
1.11
1.12
1.19
1.17
1.22
1.19
MS-9 0.33 0.49 0.68 0.96 0.96 0.98
0.33 0.45 0.62 0.90 1.20 1.15
MS-23 0.27 0.40 0.53 0.78 1.01 0.99
0.28 0.42 0.60 0.95 1.12 1.25
MS-24 0.30 0.42 0.56 0.78 0.96 1.00
0.29 0.44 0.61 0.94 1.18 1.18
MS-51 0.34 0.54 0.25 0.45 0.82 0.93
0.35 0.63 0.95 1.17 1.20 1.22
MSUAIO 0.16 0.24 0.33 0.43 0.53 0.58
0.19 0.22 0.29 0.46 0.68 0.85
211 0.28 0.47 0.53 0.33 0.13 0.08
0.30 0.38 0.58 0.88 0.94 0.95
C2 0.35 0.56 0.23 0.10 0.11 0.13
0.37 0.64 0.92 1.14 1.18 1.18
a Time 0 = time of first reading following UVtreatment.
b
Shaded rows designate uninoculated control tube values.
C2 and 211; Lc. lactis ssp. cremoris strains previously shownto be lysogenic
(Huggins and Sandine, 1977).
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Figure 16. Absorbancy readings of Lactococcus lactis ssp. cremoris strains MS-9 (top),
CM1-3 (bottom), and untreated controls of each, recorded hourly following treatment
with UV light, incubated at 30° C for five hours.1.40
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Figure 17. Absorbancy readings of Lactococcus lactis ssp. cremoris strains MS-51 (top),
211 (bottom), and untreated controls of each, recorded hourly following treatment with
UV light, incubated at 30° C for five hours.Thermal induction: The results of thermal induction of bacteriophages in select
probe-isolates and the lysogenic control strain, Lc. cremoris 211 are reported in Table 8
and Figure 18.. Two distinct absorbance patterns developed as a result of increased
incubation temperature. One pattern, represented by strain MS-9 in Figure 18, was
inhibited growth at 40° C which remained constant with no increase in absorbance
recorded even after the temperature was reduced back to 30° C. The other pattern,
represented by strain MS-51 in Figure 18, showed no significant inhibition in growth at
40° C relative to its respective control incubated at 30° C. Only the control strain Lc.
cremoris 211 showed a decrease in absorbance during incubation at 40° C that might
suggest a brief period of lysis (Figure 18). This reduced absorbance, however, was
followed by constant absorbance values consistent with that observed for MS-9, MS-23
and MS-24, thus suggesting the reduction in absorbance was due to faulty data.
Table 8. Thermal induction of bacteriohages in probe-isolated strains.
Strain
Time in hours after inoculation
2 3 4 5 6 7 8
CM1-3 0.13 0.17 0.51 0.94 1.11 1.18 1.18 1.20
b0.11 0.15 0.46 1.00 1.22 1.25 1.76 1.25
MS-9 0.07 0.11 0.24 0.21 0.22 0.20 0.19 0.19
0.07 0.11 0.25 0.47 0.71 1.09 1.15 1.09
MS-23 0.06 0.09 0.20 0.19 0.19 0.18 0.17 0.17
0.06 0.09 0.21 0.39 0.57 1.08 1.13 1.08
MS-24 0.07 0.11 0.25 0.24 0.24 0.23 0.23 0.2"'
0.07 0.12 0.25 0.49 0.70 1.15 1.12 1.08
MS-51 0.10 0,13 0.55 1.07 1.18 1.19 1.19 1.19
0.08 0.12 0.45 0.97 1.14 1.21 1.21 1.20
211 a 0.05 0.09 0.75 0.18 0.33 0.31 0.32 0.30
0.05 0.09 0.26 0.53 0.74 1.11 1.08 1.06
a Lactococcus lactis 211; OSU laboratory control strain, previously show to be lysogenic.
bShaded rows designate non-heat treated controls for each strain
After 1 hour incubation, heat treated tubes were raised to 40°C, held for 3.5 hours then
cooled to 30° C
480.8
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Figure 18. Absorbance readings of Lactococcus lactis ssp. cremoris strains MS-24, MS-
51, and 211 during heat treatment which simulates cheese-making conditions, and
untreated controls of each, incubated at 30° C. Dashed line ( ), temperature raised
from 30° C to 40° C. Solid line (-- ), temperature held at 40° C for 3.5 hours. Broken
line (--), temperature reduced from 40° C to 30° C.
Fermentation Profiles of Probe-isolated Strains at Cheddar Cheese Manufacturing
Temperatures
Fermentation profiles for probe-isolated, and commercial control strains of Lc.
cremoris, and Lc. lactis grown in milk at and above cheesemaking temperatures, were
produced using the Jewel, six station fermentor shown in Figure 19. Changes in pH over
time generated during the fermentations were graphed, as shown in Figures 20 and 21.
For each strain tested, the slope of the exponential portion of each temperature curve was
determined and recorded, as shown in Table 9. The strains listed in Table 9 are arranged
in order of increasing slope of the growth curves generated at the 100° F incubation
temperature (Cheddar cheese cooking temperature 100° - 102°F). This arrangement
corresponds very closely with groupings made by observations of the total temperature
profile generated for each strain, three of which are shown in Figure 20.Figure 19. Six station fermentor manufactured by Jewel Systems, Logan Utah, used to
produce fermentation profiles of probe-isolates and commercial control strains of
Lactococcus lactis ssp. cremoris and Lactococcus lactis ssp. lactis, grown in milk at
Cheddar cheese manufacturing temperatures. This fermentor was also used to grow
starter culture (as shown above) for cheesemaking trials.
In general, the slope of the growth curves decreased with increased temperature.
In replicate fermentations however, the incubation temperature with the greatest rate of
increase in acid production would vary. Specifically at the 90°, 96° and 100°F incubation
temperatures, the rates were typically very similar. However, in many cases the rate of
acid production was greater at the cheddaring temperature (96° F) than at the set
temperature (90° F) (Table 9). At higher temperatures (102° ,104°, and 106° F) the
deleterious effect of temperature on the rate of acid production remained more distinct.7
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Figure 20. Influence of cheesemaking temperatures on acid production by probe-isolated
strains, Lactococcus lactis ssp. cremoris MS-17, MS-49 and CM1-3, grown in shelf
stable, 2% UHT milk, as measured by changes in pH over time.7
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Four of 19 probe-isolated strains (MS-17, MS-27, MS-31, MS-33) generated
similar profiles, characterized by extended lag times with little change in pH in sevenhours
at all temperatures. These strains are represented by MS-17in Figure 20.
Six strains (AM4, MS-49, MS-5, MS-11, MS-16, MS-45) had profilessimilar to
that depicted by MS-49 in Figure 20. Of these strains, only MS-16, MS-45,and MS-49
obtained a ApH of >1.5 after six to seven hours of incubation, at any of thesix
temperatures.
Nine strains (MS-23, MS-51, MS-26, MS-9, MS-24, MS-52, MS-58, CM1-3,
MS-53) produced profiles similar to CM1-3 shown in Figure 20 and the "fast acid"
commercial control strain 6-D205 shown in Figure 21. These strains had goodacid
production at 90,96 and 100° F, typically lowering the pH to <5.0 after 4.5 to 5.5hours of
incubation. Variation between these strains was observed in response to increased53
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Figure 21. Influence of cheesemaking temperatures on acid production by commercial
control strains Lactococcus lactis ssp. lactis 12-MT1 and Lactococcus lactis ssp.
cremoris 6-D205, grown in shelf stable, 2% UHT milk, as measured by changes in pH
over time.54
incubation temperatures from 100 to 102°F. Strains MS-9 and MS-26 showed little or no
difference in rates of acid production between these two temperatures. The rate of acid
production for strains MS-23, MS-24, MS-53 and CM1-3 was moderately reduced at 102°
F, as was the commercial control strain 6-D205 (Figure 21).. Strains MS-51, MS-52. and
MS-58 were significantly inhibited by increasing the incubation temperature. All strains
showed progressively reduced rates of acid production for the 104 and 106°F incubation
temperatures. Only strain MS-53 produced significant acid at both 104 and 106° F. The
pH values obtained for this strain were still significantly lower than those produced by the
Lc. lactis control strain 12-MT I (Figure 21).
Comparisons of selected strains were made graphically using curves generated
from slopes of the growth curve vs. incubation temperatures, as shown in Figures 22 and
23. Figure 22 directly compares the influence of temperature on the rate of change in pH
for the different lactococcal strains shown in Figures 20 and the control strains shown in
Figure 21. The influence of temperature is clearly shown for each strain. All strains
showed a decrease in activity above 100() F. A comparison between the Lc. lactis and
the Lc. cremoris commercial control strains clearly shows the influence of temperatureon
acid production between these two subspecies which is significant in the production of
cheese. Figure 23 compares the effects of temperature on probe-isolated and commercial
control strains of Lc. cremoris. The probe-isolates shown, bracket the commercial
control on Table 9, and were ultimately used in the cheese making trials described in
chapter two. All four of these strains produced temperature profiles similar to each other
and the control. The most significant variation occurred at the 102°F temperature. For
MS-9 the rate of acid production was nearly constant between 100 to 102° F whereas the
rate for MS-51 declined sharply. MS-23, MS-24, and 6-D205 had similar rates, which
fell bet,,-een MS-9 and MS-51.55
Table 9. Fermentation data as determined by change in pH over time at Cheddar cheese
manufacturing temperatures.
Strain 90C 96d
Incubation Temperature
100e 102` 104' 106'.
MS-17 0.22 0.18 0.1 0.03 0.01 0.01
MS-27 0.14 0.17 0.13 0.07 0.02 0.01
MS-31 0.13 0.31 0.14 0.09 0.08 0.03
MS-33 0.14 0.25 0.2 0.09 0.09 0.02
AM4 0.29 0.27 0.22 0.13 0.12 0.08
MS-49 0.38 0.34 0.26 0.15 0.13 0.07
MS-5 0.35 0.29 0.27 0.07 0.06 0.02
MS-1 I 0.27 0.28 0.28 0.19 0.15 0.06
MS-16 0.38 0.39 0.31 0.17 0.12 0.1
MS-45 0.39 0.35 0.34 0.11 0.1 0.03
MS-23 0.44 0.4 0.36 0.3 0.2 0.11
MS-51 0.39 0.45 0.37 0.2 0.17 0.13
6-D205 a 0.49 0.46 0.38 0.28 0.24 0.05
MS-26 0.44 0.43 0.39 0.35 0.27 0.11
MS-9 0.46 0.48 0.4 0.38 0.22 0.13
MS-24 0.39 0.4 0.4 0.3 0.21 0.11
MS-52 0.41 0.37 0.4 0.18 0.16 0.05
MS-58 0.28 0.4 0.41 0.19 0.11 0.06
CM1-3 0.53 0.44 0.46 0.38 0.35 0.17
MS-53 0.45 0.47 0.49 0.41 0.39 0.27
12-MT1 b0.52 0.55 0.55 0.47 0.5 0.35
L_ cremoris 6-D205, a fast acid producing commercial control strain.
h Lc. lactis 12-MT1. a fast acid producing commercial control strain
Cheese set temperature (900 f )
d Cheese cheddaring temperature (96° f)
e Cheese cook temperature range (100-102° f)
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Figure 22. Influence of temperature on the rate of change in pH caused by different lactococcal strains grown in shelf-stable 2% UHT
milk, over time. Shown are probe-isolated Lactococcus cremoris strains CM1-3, MS-17, and MS-49. Also included for
comparison are Lactococcus cremoris 6-D205 and Lactococcus lactis strain 12-MT1.0.6
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Figure 23. Influence of temperature on the rate of change in pH caused by different Lactococcus cremoris strains grown in shelf-
stable 2% UHT milk, over time. Strains shown, were used in Cheddar cheese manufacturing trials described in chapter 2.58
Acid-producing Activity of Probe-isolated Strains in Milk
The results of acid producing activity by probe-isolated Lc. cremoris strains and a
fast acid producing commercial control strain incubated in 11% solids, non-fat milk for
2.5 hours are reported in Table 10. The results show that 17 of 23 strains obtained a ApH
after 2.5 hours of incubation at 31° C equal to or greater than that obtained by the fast
acid producing commercial strain, 6-D205 (ApH = 1.10). The remaining six strains
produced a ApH less than 1.10. None of the strains including 6-D205 obtained acid
producing activity in the ApH range of 1.40 -1.60, which is used as a benchmark of fast
acid production for mesophilic lactococci (R. K. Thunell, Gist-Brocades, Inc., Starter
Culture Division, verbal communication) prepared commercially for frozen concentrates
used to set bulk starter media.
Table 10. Acid producing activity of lactococcal strains, incubated in 11% solids non-fat
milk, at 30° C for 2.5 hours.
Strain Delta pH a Strain Delta pH
AM -4 1.01 MS-31 1 38
B032 0,74 MS-33 1.34
CM1-3 1.03 MS-34 0.67
MS-5 1.23 MS-44 0.93
MS-9 1.14 MS-45 1.33
MS-11 1.25 MS-49 1.35
MS-16 1.10 MS-51 1.17
MS-17 1.22 MS-52 1.17
MS-23 1.20 MS-53 0.91 .---
MS-24 1.16 MS-58 1.21
MS-26 1.13 MSUA10 1.17
MS-27 1 23 6-D205 b 1.10
Delta pH = pH of an uninoculated control tube, minus the pH of the
inoculated tube following incubation after incubation.
.1' 6-D205 is a fast acid producing, Lc. cremonis commercial control strain59
Plasmid Profiles of Probe-isolated Strains Using Agarose Gel Electrophoresis
Plasmid profiles of probe-isolated Lc. crernoris strains isolated both from the
same source, different sources representing diverse geographic locations, and control
strains are shown in Figure 24. None of the plasmid DNA band patterns of strains
isolated from different geographic locations were similar. However, some strains isolated
from the same source did have similar patterns. Four strains isolated originally from
Moroccan raw milk products are shown in lanes b (MS-9), c (MS-23), d (MS-24), and e
(MS-51). Of these four strains, MS-9, MS-23,and MS-24 showed an indistinguishable
complement of nine plasmid bands each. MS-51 shows five clearly discernible bands, of
which only the top most band is obviously shared with all other strains (this top band is
faint or somewhat diffuse in other strains). CM1-3 (lane f) which was isolated from raw
milk out of China, also showed a pattern unique from the other strains, with eight
discernible bands. B032 (lane g), isolated from Bosnian milk products, showed a unique
pattern with five detectable bands. The laboratory control strain C2 (lane h) showed
seven bands. The plasmid free derivative of C2, MG1363 (lane I), used as a negative
control, had no bands.abcdefghia
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Figure 24. Agarose gel electrophoresis of plasmid DNA from probe-isolated strains of
Lactococcus lactis ssp. cremoris, representing both same source and diverse geographic
sources. Supercoiled DNA ladder (a) Gibco-BRL, Lactococcus lactis ssp. cremoris
strains; MS-9 (b),MS-23 (c), MS-24 (d), MS-51 (e), CM1-3 (f), B032 (g). Lactococcus
lactis ssp. cremoris control strains; C2 (h), and MG1363 (i), (a plasmid free derivative of
C2). Electrophoresis (3.5 hours at 90 volts on 0.6% agarose gel).61
Sensitivity of Select Probe-isolates to Phages Present in Whey From Fermented Milk
Products Produced Commercially
The sensitivity of selected probe-isolates to phages in whey from commercially
produced buttermilk, cheese, and cottage cheese from seventeen milk processing plants
collected over seven months are shown in Table 11. All five of the Lc. cremoris strains
tested were isolated from raw milk samples from Morocco and are now licensed for
commercial use as a result of the cheese trials described in chapter two of this thesis. As
shown in Table 11, strain MS-9 was sensitive to phage in whey samples from all 17
factories on multiple days, with estimated phage titers from 102106. Strains MS-23 and
MS-24 showed sensitivity to phage from only one of the 17 plants and from the same
days production. The estimated phage titers for each were 102 and10,3 respectively. It is
noteworthy that phage sensitivity shown by MS-23 and MS-24 to a single sample from
milk plant #7 is the only sample to which strain MS-9 showed no phage sensitivity.
Strain MS-58 has shown no phage sensitivity to any whey sample tested. Although phage
testing for strain MS-51 began in October instead of July as the other strains were, whey
samples from each of the same factories have been included in it's testing over a similar
time period, when testing to the present (April 1998) is considered.62
Table 11. Sensitivity to phages in commercially produced whey samples.
Plant 4 Date M S-9 M S-23 M S-24 M S-58*M S-51
1 7/26/96 2
I 12/23/96 4
1 12/24/96 3
2 12/22/96 6
3 8/21/96 3
3 1/19/97 4
4 1/9/97 3
5 12/1/96 3
6 12/3/96 5
7 8/19/96 2 3
7 8/20/96 3
7 11/21/96 3
7 1/7/97 6
7 1/8/97 5
8 8/18/96 4
8 8/29/96 2
8 1/1/97 4
8 1/6/97 4
8 2/6/97 2
9 10/1/96 3
9 1/8/97 3
10 10/11/96 3
10 11/26/96 4
10 1/2/97 2
10 1/15/97 2
11 2/10/97 5
12 1/13/97 4
12 1/28/97 6
12 1/20/97 6
13 9/24/96 3
13 10/16/96 3
14 10/1/96 5
14 10/15/96 3
14 10/25/96 5
14 11/12/96 4
15 12/16/96 2
16 7/26/96 3
16 11/22/96 3
17 2/8/97 5
The presence of phage is reported on a scale of 1-6. Zero (blank) indicates that no phage was
detected. A # 6 represents an estimated phage titer of 106/ ml or higher.
* MS-51 was put into commercial production in October, 1997. To date no phages have yet
appeared for this strain.63
DISCUSSION
Phenotypic Characteristics of Probe-isolated Strains of Lactococcus lactis ssp. lactis and
Lactococcus lactis ssp. cremoris.
Hydrolysis of arginine: In many studies the ability of a strain to hydrolyze
arginine has been one of the factors in strain differentiation between Lc. lactis and Lc.
cremoris. The arginine deaminase pathway is present in Lc. lactis strains and absentin
Lc. cremoris strains (Crow and Thomas, 1982). The results obtained in this study
indicate that the ability to hydrolyze arginine, determined using arginine broth and
Nessler's reagent, are not a good determinant for the differentiation of Lc. cremoris from
Lc. lactis strains. Under the conditions used, Lc. cremoris strains were consistently Arg
whereas Lc. lactis strains were inconsistent for this phenotype. Changes or differences in
the arginine phenotype observed here, in contrast to those reported by Salama (1995),
may be a result of differences in growth media, andconditions or plasmid expression.
Others have shown that many phenotypic characteristics including arginine hydrolysis
(Davey and Heap, 1993), phage sensitivity (Heap and Lawrence, 1977) and
polysaccharide production (Dirkson and Trempy 1995) are dependent on growth
conditions. McKay (1983) has also shown that the contribution of plasmids to various
phenotypes may change among lactococci..
Reduction of litmus: The reduction of litmus milk prior to coagulation is
indicative that all of the strains tested belong to the Lactococcus and not the Leuconostoc
genus. This characteristic is a good rule of thumbdistinction between the two genera
without the requirement of biochemical data such as heterofermentation of milk and the
concurrent production of D-lactate rather than L-lactate. Generallyall three
characteristics are required for differentiation between these genera (Cogan and
Accolas, 1995).64
Coagulation of milk: The results of coagulation times (Table 1) indicate that
according to traditional definitions (Porubcan and Sellers, 1979, Sandine. 1979) many of
the probe isolates can be considered fast acid-producing strains potentially suitable for
commercial use in the manufacture of fermented dairy products. The majority of strains
that did not coagulate milk in 15-18 hours did coagulate milk in 24 hours, indicating that
lactose fermentation is not lacking among these strains. Therefore, it would be
advantageous to further pursue the selection of fast acid-producing cells from these
cultures using the method described by Huggins and Sandine (1984) which differentiates
between fast and slow variants among a cell population. Although the selection of fast
acid-producing strains by coagulation of milk at 22°C in 16 hours may be a good
screening method, it has been shown that this method bears no relationship to known
cheesemaking times for commercial single strain starters (Pearce, 1969).
Acetoin and diacetyl production: Of the 57 probe-isolated strains of Lc. lactis and
Lc. cremoris strains tested for the production of acetoin and diacetyl using King's test,
only five strains were determined to be positive for the production of these compounds
(Table 1). Of the five strains only MS-39 had previously been reported as positive for
the production of diacetyl, acetion and CO, from citrate (Salama et al.. 1993, 1995) using
Differential Broth (Reddy et al., 1971) and confirmed using King's test. Strains MS-22
and MS-70 were previously determined to be negative for citrate utilization (Salama,
1995) as were strains 011 and MS-34 (Salama, unpublished data).It may not be possible
to directly compare these results as the Differential Broth method detects the production
of CO, from citrate whereas King's test is a colorometric reaction with dicarbonyl
compounds presumably generated during citrate utilization. What remains to be
answered is whether or not metabolic pathways that produce diacetyl and acetoin without
the simultaneous production of CO, are present in these strains. MS-34 is of particular
interest as it is both phenotypically and genotypically Lc. cremoris (Salama et al., 1995
and Urbach et al., 1997). The ability to utilize citrate is carried on plasmid DNA,
therefore it is not improbable that through genetic transfer, Cif' strains of Lc. cremoris
should exist in nature. This however is believed to be the first reported Cit+ Lc. cremoris65
isolated from nature. Factors which may have prevented MS-34 and other strains from
being identified as Cit.+ Lc. cremoris strains using traditional methods were observed in
this study. MS-34 was previously reported by Salama (1995) as being Arg- and lacking
the ability to grow in broth containing 4.0% salt. Variations in these characteristics were
observed in this study and by Salama (unpublished data) that would, without the aid of
genetic tools, have resulted in MS-34 being misidentified as a Lc. lactis strain.
Flavor development in milk: A variety of flavors developed in milk cultured with
the probe-isolated strains. Many strains developed the desirable clean acid flavor
preferred by industry, while other strains developed mostly bitter or malty flavors. Bitter
and malty flavor characteristics do not preclude these strains from having commercial
value. Bitter strains may be used in combination with other fast acid producing strains
that have peptidases to break down bitter peptides as they develop in fermented milk
products. The development of malty flavors was described by Morgan (1977) as the
production of 2-methylbutanal and 3-methylbutanal from leucine and isolucine,
respectively. Strains that produce malty flavors have potential commercial value for use
in flavoring milk and candy products.
Growth on Alsan Agar; A Selective and Differential Medium.
Al-Zoreky and Sandine published (1991) a diagnostic test to differentiate
Lactococcus species based on lithium sensitivity and citrate utilization. This
differentiation was desirable for use with the probe-isolated strains as a means to confirm
subspecies identification phenotypically. Results from Al-Zoreky and Sandine are
unequivocal for laboratory strains as demonstrated by the absence of growth for Lc.
cremoris strains 205 and ML1 and development of blue colonies produced by Cif' Lc.
lactis 18-16. However, in the present study the Alsan medium was unsatisfactory for
differentiating "real world" strains. Many of the Lc. cremoris strains grew on Alsan
medium where an absence of growth was expected. Based on colony size, growth of Lc.66
cremoris strains did appear inhibited compared to most Lc. lactis strains. In addition,
several strains of Lc. cremoris and Lc. lactis produced blue colonies when initially plated
(Figures 3 and 4). None of these strains had previously been identified as citrate utilizing
by other methods (Salama, 1995), and strain MS-34 which had been identified as Cit+
(Table 1) did not produce blue colonies. While the basis for differentiation by lithium
sensitivity and resistance of these strains is worthy of further study, Alsan medium in its
current form is of little value in differentiating these strains.
API 50 Carbohydrate Utilization.
Carbohydrate utilization data have been used for several decades as an important
diagnostic tool for bacterial identification and nomenclature (Sneath et al., 1986).
Carbohydrate data that identifies even one strain of lactococci that ferments a previously
non-fermentable carbohydrate was one of the goals of this study. The necessity for such a
strain is important for use as a selective marker of genetically engineered lactococcal
strains that may be used in the food industry. Traditional methods utilize the selective
characteristic of antibiotic resistance, which is unacceptable in consumable foods
systems. In addition it was desirable to identify carbohydrate fermentation patterns
(fingerprints) that may be used to differentiate between these existing strains in a mixed
starter culture, potentially enabling us to study the effects of strain dominance in the
starter tank. While over 48 strains were examined, no fermentable carbohydrate unique
among the Lactococcus genus was discovered. Lc. lactis strain BEN121 was exceptional
among the 48 strains tested, in having the ability to ferment D-xylose (Table 3). This
discovery was of interest to other researchers who have since requested Lc. lactis BEN
121 for research purposes. The nature of their study is not known to us at this time. Five
unique patterns were observed among the 13 Lc. lactis strains tested and 13 different
patterns seen among the 35 Lc. cremoris strains, the usefulness of the different
fermentation patterns for strain identification in combined starter cultures has not been
fully evaluated. One difficulty in using the individual fingerprints for strain identification67
was instability of the fermentation pattern, as exemplified by Lc. cremoris strain MS -5l
(Table 3). This strain initially fermented many carbohydrates, in a pattern consistent with
the Lc. lactis strains (Figure 6). Following subculturing and freezing in commercial
starter preparation, MS-51 was only able to ferment the six carbohydrates common to
most Lc. cremoris strains (Figure 7). In general the majority of strains identified by
genotype and phenotype as Lc. cremoris utilized fewer carbohydrates than those
identified as Lc. lactis (Urbach et al. 1997). Interestingly, the majority of Lc. cremoris
strains that were genotype Lc. cremoris but phenotype Lc. 'culls, or of indeterminate
phenotype, (Salama et al., 1995) had lactis like fermentation patterns. The inverse of this
was also true of several Lc. lactis strains (Table 3). From these data no pattern was
definitive in differentiating Lc. cremoris strains from Lc. lactis strains. The closest was
the six carbon fingerprint easily seen in Table 3.
Salt Tolerance of Selected Lactococcus ssp. cremoris and Lactococcus lactis ssp. lactis
Probe-isolated Strains and Control Strains of Each.
The addition of salt to freshly milled Cheddar cheese curd contributes to a
multitude of characteristics in the final aged cheese. These characteristics include
enhanced flavor, control of microbial growth, control of various enzyme activities,
syneresis of the curd in whey expulsion resulting in a reduction of cheese moisture, and
influences physical changes in cheese proteins which in turn influence cheese texture and
protein solubility (Guinee and Fox, 1993).It is in regards to the influence of salt on the
microbial growth of the probe-isolated strains to which this research was directed. Salt
addition to Cheddar cheese affects cell growth by at least two mechanisms. First, salt
causes the expulsion of whey from the curd in a process called syneresis, thus reducing
the water activity (aw) of the cheese. Second, the salt ions are inhibitory to growth of
different organisms at different concentrations, depending on sensitivity. One of the roles
of starter culture in cheese is to lower the pH to levels sufficient to inhibit growth of
pathogens and heterofermentive lactobacilli which produce fermented/fruity and gas68
defects in cheese. The ability of starter strains to be somewhat salttolerant is therefore
important.It has been shown that Lc. cremoris strains are moresensitive to salt than Lc.
lactis strains (Cogan, 1996, Turner and Thomas, 1980).After milling, the moisture
retained in the curd contains most of the salt in soluble form.Salt-in-moisture (S/M) in
Cheddar cheese is about 4.0% (Lawrence and Gillis, 1973, see Table15). Some strains
are markedly inhibited when saltexceeds 4.0%, therefore it was important to determine
the salt tolerance of the probe-isolated strains. As shown in Table 4 at3.0% salt 22 out of
23 Lc. cremoris strains were significantly more salt tolerant than thelaboratory control
strain. The majority of Lc. cremoris strains were significantly inhibited whenthe salt
concentration in milk was increased from 3.5 to 4.0%. These results are consistentwith
results obtained with commercial starter cultures (Thunell, 1982 and 1994),indicating
that 22 of 23 Lc. cremoris probe-isolates would be suitable for Cheddarcheesemaking.
In this regard Lc. lactis strain MS -1 1 behaved similarly to the Lc. cremorisstrains as
observed for other phenotypic characteristics. Lc. lactis strain FB62 was slightly more
sensitive to salt than the Lc. lactic control strain CJW8 (Figure, 11). Lc. cremoris strains
AM4, CM1-3, MS-39, MS-49, MS-51 and MS-58 showed salt sensitivity muchlike the
Lc. lactis strains, with acid development continuing to 5.0% salt (Figure, 10).This is not
necessarily indicative of increased numbers of cells as it has been shown that at higher
concentrations acid production may be disassociated from cellular growth (Turner and
Thomas, 1980). Continuing bacterial growth is undesirable in Cheddar cheese as high
cell numbers has been associated with the development of bitter flavor defects.Therefore
additional study may be desirable to determine if bacterial growth occurs with these
strains at salt concentrations > 4.0%.
Compatibility of Probe-isolated Strains (bacteriocin production).
For protection against bacteriophage production during the fermentation process,
industry has used phage unrelated strains to minimize phage related infection. Whilethis
is an important control measure other safeguards must be included in anymanufacturing69
protocol to prevent disturbance of the fermentation process. In combining strains for any
fermentation process, an important consideration is strain compatibility. For example it is
well known that some Lactococcus strains produce bacteriocins that can inhibit other
strains in multiple or mixed strain starter cultures.
The present research has been of a pioneering nature (patent applied for) in that no
investigator has used probe-isolated strains in combination to produce Cheddar cheese.
Therefore it is unknown what selective pressures may play a role in the final
characteristics of isolated strains and what strains may be detected from a given source.
A number of factors are important in strain compatability, including bacteriocin
production, salt tolerance, temperature influence, phage sensitivity, antibiotic sensitivity,
generation time, acid sensitivity, and polysaccharide production. Among the
considerations for strain compatability listed, those tests chosen for this study were
selected as the most important. Of great importance is the production of inhibitory
substances that affect strains used in combination. It was found that strains MS-49 and
AM4 inhibited identically, 24 of 27 strains tested (Table 5). Strain CM 1 -3 inhibited 22 of
27 strains and B032 inhibited 26 strains. None of the strains were self inhibitory. The
final selection of strains used for cheesemaking were all compatible. Inhibitory strains
were found among isolates from unique sources including raw milk and raw milk
products from the Peoples Republic of China, Morocco, Yugoslavia and Bosnia (Salama,
et al. 1995). By definition, Lc. lactis strains produce nisin (Mattick and Hirsh, 1947) and
Lc. cremoris strains produce diplococcin (Oxford, 1944). In accordance with this, Lc.
lactis 7962, a known nisin producer, is sensitive to both CM1-3 and B032. Lc. lactis
7962 is not sensitive to either MS-49 or AM4, but has a different sensitivity pattern
among indicator strains, thereby suggesting that none of the inhibitory substances
produced are nisin.It is significant that each of these inhibitor-producing strains were
isolated from unique and diverse sources and that each represents only a fraction of the
strains isolated from each source.
Historically, bacteriocin producing strains would not be combined with sensitive
strains; however, current research has paired such strains to enhance the rapid ripening of70
aged cheeses with good success (Morgan et al., 1997, Zottola. 1998). Food preservation
is another potential application for these strains and their purified inhibitory products, as
shown by Al-Zoreky et al. (1991) for other cultures. Therefore, further study is warranted
to identify the spectrum of inhibition for each of the inhibitory substances produced with
an eye toward potential commercial use in food preservation and starter culture
applications.
Determination of the Incidence of Lysogeny Among Select Probe-isolated Strains of
Lactococcus lactis ssp. cremoris and Control Strains.
As potential candidates for use in cheesemaking, it was deemed important to test
each probe-isolated strain for lysogeny (potentially carrying virulent DNA-associated
prophage). In defined strain starter programs used in the U.S. (Thunell and Sandine,
1981) and Ireland, phage insensitive mutants are characterized to insure that they are
receptor site mutations and not lysogenic (Thunell, 1983). Historically, testing for
prophage is done using mitomycin C, UV light or elevated temperature. Huggins and
Sandine (1977) demonstrated that it is important to not use lysogenic strains in starter
cultures. Lysogenic strains may spontaneously release virulent phage that will disrupt the
activity of unrelated strains in multiple-strain cultures. The most important induction
factor in Cheddar cheesemaking is elevated temperature, such as an increased temperature
during the cooking stage of the manufacturing process. While one probe-isolated strain,
MS-51, was induced by mitomycin C and UV light, it was not induced by temperature.
Therefore, it is unlikely that phage would be released by MS-51 during cheesemaking.
Interestingly, the induction of phage with MS-51 was very different from the control
strains C2 and 211. Following an initial reduction in absorbance, the absorbance for MS-
51 steadily increased to levels as high or higher than non-induced treated strains. In
contrast, the control strains either continued to decline in absorbance or did not regain
significant absorbance levels (Tables 6 and 7, Figures 14 to 17). These findings indicate
that a significant number of cells resistant to inducing agents were present in the MS-5171
population. In general these data revealed (Tables 6 and 7, Figures 13 to 17) that in
response to inducing agents, those strains that were induced by mitomycin C were also
induced by UV light. No thermal induction was observed (Table 8, Figure 18). A
noteworthy finding, was that in contrast to the findings of Huggins and Sandine (1977),
Lc. cremoris C2 (previously Lc. lactist is inducible using mitomycin C (Figure 15).
Fermentation Profiles of Probe-isolated Strains at Cheddar Cheese Manufacturing
Temperatures.
Temperature influence on the rate of acid production is another important factor in
selecting strains for use in cheese manufacture. In testing various probe-isolated strains
for acid-producing profiles over time at the temperatures used in Cheddar cheesemaking,
various patterns were observed (Table 9, Figures 20-23). To illustrate the extreme
variations observed, Figure 20 shows that MS-17 was quite sensitive to all temperatures
whereas CM1-3 was quite resistant. CM1-3 and the Lc. cremoris control strain were
temperature sensitive above 104 and 102° F, respectively. Figure 22 presents exponential
growth slope data showing the relative sensitivity of MS-17 and MS-49 verses the
relative resistance of CM1-3, and the comparison of commercial controls of Lc. cremoris
and Lc. lactis.It is noteworthy that CM1-3 is not a typical Lc. cremoris strain, but has an
indeterminate phenotypic (Urbach, et al., 1997). This indeterminate characteristic is
evident in the temperature profile which falls between the profiles of the Lc. lactis and
Lc. cremoris control strains. These data show the value of temperature profiling of
strains to select for strains that will continue to produce acid during cooking, but not in
excess. Based on these results, ten of 19 probe isolates strains tested would produce
sufficient, though not excessive amounts of acid during the cooking process. Selection of
variants among strain populations would likely increase the number of usable strains.
In Cheddar cheesemaking the cook temperature is typically around 101° F.,
depending on the final moisture desired in the curd. While some variability was observed
in some strains, the cooking temperature would not significantly inhibit the strains tested72
and ultimately selected for cheesemaking trials. The four strains selected for
cheesemaking trials shown in Figure 23 each have profiles similar to the Lc. cremoris
commercial control strain which is currently used in cheese manufacturing. Some
variation is evident at temperatures between 100 and 104° F.
Acid -producing Activity of Probe-isolated Strains in Milk
Of all the tests run on lactococcal starter cultures to assess their utility in Cheddar
cheesemaking, perhaps none is more important than acid producing activity. Over the
years many tests of this activity have beenused and published (Horral and Elliker, 1947,
Pearce, 1969, and Thunell, 1988). The test used in this study is that recommended by
Thunell based on years of field experience with starters used in cheesemaking. The test
proved valuable in this study in that 17 of 23 strains with acceptable acidification rates
were identified. From these results (and others) the fourstrains used in the cheese trials
were selected. The 17 of 23 strains weresatisfactory relative to the commercial control,
with overall ApH results ranging from 0.67 to 1.38. However, these strains did not attain
the desired acidification rates for cremoris strains described by Thunell (1994). One
explanation may be in the quality of the non-fat dry milk used in the activity studies
(Champagne, et al., 1992, Williams, 1997). Poor quality milk powder which is
reconstituted and used in activity tests may result in lower acidification rates. It may be
more desirable to use commercial UHT milkin activity tests (Thunell, personal
communication, 1998). An additional explanation is that the culture media used by many
cheese plants and starter culture companies like Gist-Brocades Inc. use external pH
control, whereas in this study internal pH control was used. Differences in starter activity
for these types of media have been reported (Champagne, 1995).73
Plasmid Profiles of Probe-isolated Strains
From the earliest studies of lactococci there has been great interest in the plasmids
they carry and the relationship between plasmids and phenotype. It has been shown that
these genetic entities contribute to citrate utilization, bacteriocin production, fermentation
of lactose, maltose, and sucrose, metal ion resistance, as well as phage sensitivity and
resistance (Cogan and Hill, 1993).In regards to phage resistance, plasmids may encode
for restriction modification enzymes which degrade foreign DNA, thus preventing phage
infection. The plasmid profile of individual strains has been suggested as a useful
identification tool (Davies, 1991). Plasmid-free lactococcal strains are not commonly
found and most lactococci are known to posses a variety of numbers of plasmids,
typically from four to seven and in multiple copies.
MG1363, (a known plasmid-free variant of Lc. cremoris C2) used as a control,
tested plasmid-free, therefore, the other plasmid preparations were determined to be
correctly prepared. The number of plasmids found in probe isolates ranged from five to
nine (Figure 24).It is not known what characteristics if any, these plasmids conferred to
the strains. The strains isolated from different geographic regions had unique plasmid
profiles, however three of four strains isolated from the same source had identical
plasmid profiles (Figure 24). These findings along with those of Urbach et al.(1997, and
1998) and other data reported, herein, suggest that these three strains, MS-9, MS-23 and
MS-24, are identical and not individually unique as previously suggested (Salama et al.
1995). Strain MS-9 however is unique from MS-23 and MS-24 in phage sensitivity as
reported in the next section. Therefore it seems that differences or similarities in plasmid
profiles are insufficient for strain differentiation in regards to phage sensitivity, which is
one of the most important characteristics. Ideally, the strainsused in cheesemaking
would have different plasmid profiles to enable their identification in a mixed population,
however in selecting strains based on other desirable characteristics, strains with identical
profiles were inadvertently selected.74
Sensitivity of Select Probe-isolates to Phages Present in Whey From Fermented Milk
Products Produced Commercially.
During this work in strain study and Cheddar cheesemaking, probe-isolated strains
were sent to Gist-Brocades (formerly Waterford Foods) under license by OregonState
University. Five of these strains were tested for phage sensitivity over an extended
period, against composite whey samples collected regularly from 17 commercial
manufacturing plants (Table 11). All of these strains are being used successfully in
commercial cheese manufacture. MS-9 became infected by phages in whey samples from
many locations shortly after testing began. Disruption of MS-23 and MS-24 was evident
from one location on only one occasion. Interestingly, MS-9 showed no disruption from
that location on that date. These findings seem to confirm that MS-9 is unique from MS-
23 and MS-24. MS-51 and MS-58 have shown no disruption by phages in any whey
samples tested to date. These data again reinforce the value of probe-isolation as a source
of a unique genetic pool of strains, insensitive to phages present in manufacturing plants.
This phage insensitivity resulted in an unheard of experiment being conducted at the
Tillamook County Creamery Association. Because no phage sensitivity was encountered
in small vats using traditional methods, head cheesemaker Ed Yates decided to
manufacture cheese in 55,300 lb. capacity vats using individual single strain probe-
isolates with a potential loss in excess of 58300 per vat (based on SI5.00/100 lbs. milk).
Six vats were manufactured without any phage being detected. Details of these
experiments are described in chapter two.75
CHAPTER 3
CHEESE DEFECTS AND ISOLATION OF LACTOCOCCUS LACTIS SSP.
CREMORIS FROM NATURE: A REVIEW.
In the selection of starter strains for use in Cheddar cheese production, it is
important to focus not only on the positive attributes these cultures contribute. but also on
the potential defects that starter bacteria (and non-starter) can cause if they are improperly
characterized. In the high volume production plants of today these defects can be
extremely costly.
Strain related defects in Cheddar cheese which are being controlled today by the
judicious selection of starter strains include slit-open texture, off-flavors including
fermented and fruity, bitter flavors, and bacteriophage disrupted fermentation. Slit-
openness defect occurring in Cheddar cheese was determined to be a result of excess gas
production by citrate fermenting organisms. In a study of carbon dioxide-producing lactic
acid bacteria Sandine et al. (1959, 1962) suggested that the slit open defect could be a
result of excessive production of CO2 due to strain dominance by Cit.- Lactococcus lactis
ssp lactis (Streptococcus diacetilactis) during the fermentation. These observations were
also reported by Robertson (1957), and Vedamuthu et al., (1966). Vedamuthu was also
able to determine that flavor defects, including fermented and fruity, were the result of
carbonyl compounds such as aldehydes, ketones, and esters, which he found were
produced to much higher levels by strains of Cit+ and Cit- Lc. lactis than by Lc. cremoris.
strains. Selected low carbonyl-producing strains used in mixed-strain cheese starter
consistently produced high quality cheese without either the slit-open or fruity defects.It
should be noted that in other fermented food products the production of both CO, and
carbonyl compounds are desirable. The contribution of the starter culture to the bitter
defect in cheese has been studied extensively throughout the years and is found to be
multifaceted in both cause and control. Ultimately however, the degree of bitterness
detected in cheese was shown to correlate inversely with the survival of the starter used
during the cheesemaking process (Perry, 1960, Lowery et al. 1972, 1994). Perry showed76
that strains of Lc. lactis survived to much greater numbers in cheese than Lc. cremoris
strains. Lowery (1972) showed that altering the manufacturing conditions to favor
survival of non-bitter strains resulted in bitter flavor and that the inverse was true for
strains that normally produced bitter flavors. Bacteriophage sensitivity was also shown to
have an affect on survival of the starter culture and the development of the bitter defect
(Lowery, et al.1974).Greater survival of Lc. lactis compared to Le. cremoris during the
cheesemaking is one aspect of the total number of cells present in the final cheese,
another related factor is the uncoupling of growth from acid production. Lc. cremoris
strains have been shown to be growth inhibited yet still produce acid in the presence of
elevated temperature and sodium chloride concentrations encountered during cheese
production (Turner and Thomas,1975),whereas Lc. lactis strains are less inhibited by
temperature and sodium chloride. In general, strains which produce bitterness in cheese
primarily degrade 13-casein at a faster rate and reach higher cell populations in cheese than
strains which do not produce this defect. Strains of Lc. cremoris are also known to
produce bitter peptides, but through proper strain combinations bitterness can be
eliminated (Emmons et al.1961).In a recent study it was found that growth condition
play a role in the "debittering activity" of various strains. A test of a strains debittering
activity was also developed based on the strains ability to degrade the C-terminal end of
the 13-casein molecule, which is known to contribute to bitterness in cheese (Smit et al.
1996).
Disruption of cheese fermentation due to bacteriophage sensitivity has been a
major cost the cheese industry. Since 1935 when Whitehead first reported the presence of
bacteriophages in starters which had failed to produce acid, efforts have been made to
control their presence and disturbances. Methods that have been developed over the years
to control bacteriophage. Mixed strain starters of undefined strains and ratios were
rotated daily to prevent phage build-up against a given combination of strains. These
cultures were replaced with the use of single strains of known identity and characteristics.
Today combinations of defined single strains insensitive to phages present in the factory
are used continuously. When one of the strains develops phage sensitivity, that strain is
replaced with an insensitive strain or simply removed from the combination until an77
insensitive mutant is isolated and characterized (Thunell, 1981, 1984). The major
limitation of any of the current strain rotation or defined strain systems is the limited
availability of phage insensitive replacement strains. Therefore molecular methods of
bacteriophage defenses are being developed. These methods include the use of genetic
probes to isolate strains of Lc. cremoris from natural sources which have never been used
in the commercial environment for replacement strains (Salama, et al. 1991). Another
method is a starter rotation strategy which incorporates a recombinant single strain,
containing unique combinations of paired restriction modification and abortive infection
defenses (Durmaz and Klaenhammer, 1995). In this case the starter strain that is used
remains the same but the bacteriophage defense mechanism carried in the strain are
rotated. Any discussion of bacteriophage control is incomplete without mentioning the
strides taken in the factories to prevent the spread of bacteriophage. These measures
include greater control of plant sanitation, controlled access and isolation of the starter
room, and the use of sanitizers to reduce the numbers of phages present during and after
daily production.
The ultimate development of flavor in aged Cheddar cheese, both good and bad,
have been shown to emanate from the starter used to manufacture the cheese. With the
exception of bacteriophage sensitivity, the major defects encountered in the production of
Cheddar cheese ( flavor and texture) can be overcome by the careful selection of starter
strains used in cheese manufacture. Since the work of Vedamuthu (1966, 1967), L.
cremoris has been identified as an important contributor to the production of good
quality ripened dairy products including cheese. The Lc. cremoris strains in use today are
believed to descendants of those originally isolated from ripened cream in Denmark and
the Unites States. The extensive use of these strains have resulted in widespread
susceptibility to bacteriophage infection. The need for new strains of Lc. cremoris for use
in starter cultures has repeatedly been expressed (Lawrence, et al., 1976, Sandine, et al.,
1972). However in spite of repeated attempts, isolation of new strains have been largely
unsuccessful and the ultimate, effective source has remained a mystery.78
The repeated isolation of Le. lactis strains from plant material (Yawger, and
Sherman, 1937) has led to the belief that plants are the most logical source for Lc.
cremoris as both strains were often found in association when isolated from raw milk.
The logical vector from plant material to raw milk is being the cow. In 1951, Hirsch
reported the isolation of lactococci from raw milk from four producers in the Jura
mountains of France. Of thirty-five strains isolated only two strains were conclusively
classified as Lc. cremoris. Radich (1968) attempted to isolate Lc. cremoris from a wide
variety of fruits and vegetables. Twenty-seven different species of vegetables and 18
species of plants were examined. Only low numbers of Lc. lactis were found. Radich
also examined raw milk from 31 producers, only three yielded Lc. cremoris. King and
Koburg (1970) isolated group N lactococci from meat, vegetables, poultry feed and dairy
products. From 18 samples, 184 isolates were Lc. lactis, and Lc. cremoris was isolated
from only raw milk and cottage cheese. These strains were lost however. because they
did not survive freezing. Many other attempts to isolate usable strains of lactococci are
also reported (Sandine, et al. 1972), including examination of raw milk, various parts of
the cow, milking equipment, fecal material, plants and soil.It is not until the successful
development of genetic probes with specificity for the Lactococcus genus and the Lc.
cremoris subspecies that significant numbers of new strains of these organisms are
reported (Salama, et al., 1991, 1993, 1995). These new probes which specifically
targeted unique sequences of the ribosomal RNA have permitted the isolation of Lc. lactis
and Lc. cremoris from raw milk products and vegetables. It is of interest that very few
Lc. cremoris strains have been isolated and recovered from plant material. Yet, the most
productive source of Lc. cremoris strains was raw milk products produced under
primitive conditions, where contamination from plant material is most likely.79
CHAPTER 4
MANUFACTURE OF CHEDDAR CHEESE WITH 16S rRNA PROBE-
ISOLATED STRAINS OF LACTOCOCCUS LACTIS SUBSPECIES CREMORIS
INTRODUCTION
Starter bacteria strains for use in cheesemaking vary considerably in the flavor and
texture they may contribute to the final cheese. The purpose of this study was to
characterize probe-isolated strains of Lactococcus lactis subspecies cremoris for their
potential usefulness in commercial cheese manufacturing. Strains of Lc. cremoris were
selected for evaluation in cheesemaking based on their performance as indicated in
Chapter 1. Cheesemaking trials were done at the Tillamook County Creamery
Association (TCCA) cheese manufacturing plant in Tillamook, Oregon. TCCA is a state
of the art cheese facility which manufactures 43.8 million pounds of cheese per year
(Ruland, 1995). Most cheese manufactured at TCCA is produced using "heat shocked"
instead of pasteurized milk. Heat shocked milk is pumped into one of 7 enclosed cheese
vats each holding 53,500 lbs. of milk. During vat filling, bacterial starter culture and
annatto coloring are added to the milk. After filling, rennet is added to the milk and the
milk allowed to set into a gel. Thirty minutes later the gel is cut by stirring and cooking
begins. After cooking the cheese curds are pumped to a 10,000 lb. capacity
Cheddarmaster for cheddaring, salting, and milling. Cut and salted curd from each vat is
then transferred to one of 7 Stolting block-forming towers. There the curd is pressed
under vacuum over a 3.5-hour period before being cut into 40 lb. blocks. The blocks are
vacuum packed and boxed, then cooled to500 F (10° C) within 24 hours before entering
the 45° F aging cooler. Cheddar cheese is aged 60 days for medium cheddar, 6 months
for sharp, 12 months for extra-sharp and 15 months for Special Reserve. Cheese selected
for aging beyond 60 days must exhibit flavor and texture characteristics that indicate
good maturation is likely to occur, resulting in a desirable value-added product free of
bitter or other undesirable flavors.80
MATERIALS AND METHODS
Sensitivity of Selected 16S rRNA Probe-isolated Strains to Phages in Whey From the
Tillamook Cheese Plant Prior to and During Cheesemaking Trials
Probe isolates selected for potential use in Cheddar cheesemaking trials were
tested for phage sensitivity against phages which might be present in whey produced
during daily cheese manufacturing at the TCCA cheese factory. Two methods were used
to determine the presence of phages that would inhibit the probe isolates. One method
was the Bromcresol Purple Phage Inhibition Test previously described in Chapter 1. The
second method was the M17 Plaque Assay for Phages (Terzaghi and Sandine, 1975). In
the plaque assay method serial dilutions of whey are added (0.1 ml) to 3 ml molten (45o
C) M I 7 soft agar containing 0.5 ml of 1.0M CaCl2 and 0.2 ml of 4 hour old test culture.
The whey, agar, culture mixture is then gently mixed and poured over an M17 bottom
agar plate and incubated upright at30°C for 3 to 10 hours. Lc. cremoris 205 and Lc.
cremoris 205 bacteriophage (Lc. cremoris 2050 were used as positive controls. The
presence of disturbing phages was indicated by the development of clear zones (plaques)
in the lawn of bacterial growth in the top agar.
Whey samples were collected during several days of cheese manufacturing at
TCCA. These whey samples were composited. filter sterilized using several 0.451am
syringe filter disks (Gelman Acridisk) and stored at 4°C. Testing for phage sensitivity
was repeated twice for each strain before the cheese trials began and repeated during and
after the cheese trials to determine if phage sensitivity developed.
Activity Test of Strains Grown in Commercial Starter Medium
Frozen concentrates of strain MS-9, MS-23, MS-24, and MS-51 (Gist-Brocades
Inc., Millville UT) were used to inoculate 1liter each of EM- Complete® medium (Gist-81
Brocades Inc., Millville UT) on a Jewel six station fermenter. Each of the four strains
and a combination of all four were grown to stationary phase under external pH control
using 30 % ammonium hydroxide solution. Two different activity tests were used to
determine activity of the cultures. The first activity test has been previously described in
Chapter 1. The second activity test is unique to the TCCA cheese plant and is used in
daily operations to test starter activity prior to use in the cheese vats. In this activity test,
four culture tubes, each containing 10 ml of sterile 11% solids nonfat milk (NFM) were
inoculated in duplicate with 0.8 ml or 0.4 ml of the starter culture. Two additional NFM
tubes were used as uninoculated controls. All tubes were incubated at 32°C for 2.5 hours.
After incubation the pH of each set of duplicates was averaged. A ApH > 1.7 between the
uninoculated control and the 0.8 ml inoculated tubes and a difference of < 0.2 between
the 0.8 ml and 0.4 ml inoculated tubes indicated good activity. The higher the ApH and
the less the difference between the pH of the two sets of inoculum, the greater the
indicated activity.
Cheese Manufacture
The manufacturing of Cheddar cheese during these trials at TCCA was under the
direction of Master Cheese Maker, Edward Yates and head cheese maker, Dale
Baumgartner. Both traditional and automated manufacturing methods were used.
Traditional methods using 5000-10,000 lbs. of milk in a small open vat were used
initially to establish proper inoculation levels, make times, and flavor development in the
finished cheese. After the small scale trials had established an acceptable level of risk
that these experimental single strains would function properly in a commercial
environment, large scale fully automated cheese trials were conducted, first, using each
single strain individually, and then using a combination of all four strains. Commercial
starter culture used in daily production at TCCA was used as a reference control for
commercial scale trials. Frozen concentrates of each experimental strain (Gist-Brocades,
Millville UT) were used to inoculate 250 gallons of EM-Complete® medium (Gist-82
Brocades, Millville UT). The cultures were then grown to stationary phase under external
pH control using ammonia gas to maintain the pH >5.5 (Thunell, 1988). Each strain was
then tested for activity in milk. Following activity testing each starter strain was used to
inoculate 5000 lbs of milk in a small experimental vat. Strain performance in the small
vat was used to determine a proper inoculum for the large vat trials. Due to the cost and
inherent risk of starter failure with single strain starters, we were unable to optimize the
inoculum for each strain, thus the inoculum used in the large vats varied from 0.46% to
0.30%. Adjustments were made to the amount of inoculum used based on activity
testing, performance in the pilot vats and experience. Cheddar cheese was manufactured
in the large scale vessels as described briefly in the introduction. Specific manufacturing,
parameters used at TCCA are proprietary and therefore cannot be reported.
Composition of the Cheddar Cheese Produced
Finished cheese composition was determined by TCCA cheese testing, laboratory
personnel. A cheese sample was taken from a representative block using a cheese trier.
The sample was then ground and mixed using a Waring blender. An Orion 250A flat
surface pH electrode was then pressed against the ground cheese to measure pH. The
same ground sample was then used in a Dickey John, Instalab 600 to determine moisture
and butterfat. Moisture in Non-Fat Solids (MNFS), Fat in the Dry Matter (FDM) and %
Salt in Moisture (S/M) were calculated from the fat and moisture content using the
following formulae.
FDM = (% fat/100 % moisture)100
MNFS = (% moisture/ 100 % fat)100
S/M = % salt / (% moisture/ 100)83
Proteolysis During Cheese Ripening
Proteolysis during cheese ripening was measured using a modification
( Folkertsma, 1992) of the Cd-ninhydrin method of Doi et al. (1981). The colorimetric
reaction between Cd-ninhydrin and free amino acids in solution produces a red color
which is measured by spectrometry. Cd-ninhydrin reagent is one of several modifications
of ninhydrin reagent (Pearce, 1988), used to measure proteolysis in cheese, specifically
the formation of free amino acids during ripening. Cheese produced both from
experimental starter strains and starter culture used daily at TCCA were sampled during
ripening for a period of 1 year. Samples were collected monthly and frozen at -70Q C until
analyzed. Water soluble nitrogen (WSN) extracts were prepared as follows: 10 g grated
cheese were added to 90 ml distilled water in a Stomacher bag (Stomacher® Lab-Blender
400: Tekmar Co., Cincinnati, OH). Each mixture was then homogenized in the
Stomacher for 5 min., after which the bag and homogenate were held at 400 C for 1hr.
The homogenates were then centrifuged at 3000 g for 30 min. at 40 C. The aqueous phase
was first filtered through GFA filter paper (Gelman) then through Watman #1 filter paper,
using a Buchner funnel and vacuum filtration flask at 10 inches vacuum. WSN extracts
were then distributed into cyrotubes (Nalgene) and stored at -70 °C until all samples were
collected.
Frozen WSN extracts were held at room temperature until thawed, then vortexed.
WSN extracts (30p.1) were diluted to 1 ml with distilled water. To this were added 2.0 ml
Cd-ninhydrin reagent, which was prepared as previously described (Folkertsma, 1992).
The WSN extract and reagent mixtures were heated in a water bath to 84 °C for 5 minutes,
cooled and the absorbance at 507nm(As07) measured (Beckman DU-40
spectrophotometer). A blank (reagent without WSN) was also prepared. Each analysis
was done in triplicate. Serial dilutions of leucine (Sigma) from 0.1 to 1.0 mM were used
to confirm the linear relationship between concentration of WSN and A50-, of the red color
that develops during the reaction between Cd-ninhydrin and water soluble nitrogen
(Folkertsma, 1992).84
Flavor and Texture Development
Flavor and texture development during cheese ripening are the most important
indices of a good cheese starter culture. Flavor and texture development of cheese
produced from experimental strains and a TCCA control cheese were compared. Cheese
grading was done by a sensory panel, based on American Dairy Science Association
protocols (Bodyfelt, et al., 1988) consisting of Floyd Bodyfelt, Dairy Extension
Specialist. Oregon State University, Corvallis, Linda Marvin, TCCA Cheese Quality
Analyst, and Francy Schneidecker, Assistant Cheese Quality Analyst. Each cheese was
sampled every 60 to 90 days for a period of at least one year from the date of
manufacture. Flavor characteristics were graded on a scale of 1 to 10, and were described
using flavor criticisms of acid, bitter, flat, fermented/fruity, unclean, and whey taint.
Intensity of flavor defects were given as slight, moderate, or definite. Body and texture
were scored on a scale of 1 to 5, with criticisms of curdy, crumbly, corkey, open, pasty,
short, weak, mealy, or free whey. Body defect intensities were rated as very slight, slight,
moderate, or definite. Other descriptors were included to help identify the development
of characteristics desirable in ripened or aged Cheddar cheese.. These included cheddar.
diacetyl. buttery, and nutty flavor notes in the experimental cheeses.
RESULTS
Sensitivity of Selected 16S rRNA Probe-isolated Strains to Phages in Whey From the
Tillamook Cheese Plant Prior to and During Cheesemaking Trials.
Prior to cheesemaking trials, Lc. cremoris strains MS-5, MS-16, MS-23, MS-24,
MS-26, MS-51, and CMI-3 were tested for sensitivity to phages present in composite
whey samples produced at the TCCA cheese plant. No sensitivity to phage present in the
whey samples was detected by either the BCP milk test (Figure 26) or by plaque assay.Figure 25. Bromcresol purple milk (BCP) test for strain sensitivity to phage present in
whey samples. Control strain Lactococcus lactis ssp. cremoris 205 (top, mislabeled MS-
5) inoculated into culture tubes containing serial dilutions of 205(0. BCP control tube on
the far left has been inoculated with culture but not whey. BCP tube on the near left has
been inoculated with filtered sterilized whey but no culture. Lactococcus lactis ssp.
cremoris MS-23 (bottom) has been inoculated into BCP tubes containing serial dilutions
of filter sterilized (.45p.) whey from cheese produced at Tillamook County Creamery.
Color change of BCP tubes from purple to yellow indicate an absence of phage
sensitivity.86
Cheesemaking trials consisted of 29 vats at 5000 lbs of milk and 5 vats at 53,500
lbs of milk with a 10% cheese yield. Four probe-isolated strains, (MS-9, MS-23, MS-24,
and MS-51) were used singularly and in combinations. Whey samples from each vat
were prepared as described and tested against each strain using the BCP milk method.
No sensitivity to phage present in the whey samples was detected for any of the four
strains. Lc. cremoris strain MS-23 (Figure 26) shows typical BCP milk phage test results
for the probe-isolated strains. Lc. crernoris strain 205 (SC-205, top) shows the expected
results when disruptive phage are present. Periodic confirmation of the BCP method
were made using plaque assay. Again, no sensitivity was detected through plaque
formation. Phage sensitivity was detected for TCCA starter culture (TC122) by plaque
assay, when challenged with whey from the end of the production day. The plaques
formed were turbid, probably due to variation in sensitivity among the defined strains
present. Plaque forming units were 1.9 x 105/ml.
Activity Tests of Probe-isolated Strains and a Commercial Control Grown in
Commercially Prepared Starter Medium
Activity of probe-isolated strains MS-9, MS-23, MS-24, MS-51 and the
commercial control strain 6-D205, using the TCCA method are reported in Tables 12, 13
and 14. Variability was experienced in activity between lab scale batches of starter grown
in Phase 4® starter medium, therefore, values for each strain are reported from one
representative fermentation (Table 12). Activity testing of these starter strains grown at
laboratory scale in external pH controlled, EM Complete® medium are reported in Table
13. Activity of these strains grown in EM complete medium and tested under commercial
conditions are reported in Table 14.
It was found that for laboratory scale fermentations, starter activity based on ApH,
was slightly greater when cultures were grown in external verses internal pH controlled87
Table 12. Starter activity of probe-isolates and a commercial control, grown in Phase4 ®
medium under laboratory conditions.
Phase 4 medium (internal pH control)
Straininoculum fail) pH averaue pHdelta pHpH difference 0.4 and 0.8 ml
MS-9 0.8 4.91 4.91 1.49 0.28
4.91
0.4 5.18 5.19 1.21
5.2
0.3 5.35 5.35 1.05
5.35
MS-23 0.8 4.97 4.99 1.42 0.15
5
0.4 5.26 527 1.27
5.28
0.3 5.41 5.42 0.99
5.42
MS-24 0.8 4.97 4.96 1.44 0.27
4.94
0.4 5.23 5.23 1.17
5.23
0.3 5.36 5.37 1.04
5.37
MS-51 0.8 4.99 4.99 1.41 0.27
4 99
0.4 5.26 5./7 1.14
5.27
0.3 5.47 5.45 0.95
5.43
MS-9 0.8 5.1 5.06 1.36 0.34
MS-23 5.01
MS-24 0.4 5.28 5.38 1.02
MS51 5.48
0.3 5.91 5.91 0.5
5.9
6-D205 0.8 5.02 5.03 1.37 0.43
5.04
0.4 5.55 5.48 0.94
5.4
0.3 5.53 5.73 0.69
5.92
control 0 6.39 6.41
6.42
TCCA activity test utilizes 0.8 and 0.4 ml inoculum into10 ml of 11% solids non-fat milk.
Good activity is indicated by pH change >1.7 at 0.8 ml inoculum and a difference of pH
between 0.8 and 0.4 ml inoculum of < 0.2 after 2.5 hours at 32°C. Waterford activity test is
included for comparison. 0.3 nil inoculum for 2.5 hours at 32° C.88
Table 13. Starter activity of probe-isolates and a commercial control, grown in EM
Complete® medium under laboratory conditions.
EM Complete medium (external pH control)
Strain inoculum (ml) pH average pHdelta pHpH difference 0.4 and U.S ml
MS-9 0.8 5.01 4.97 1.47 0.15
4.94
0.4 5.12 5.12 1.32
5.12
0.3 5.24 5.26 1.18
5.27
MS-23 0.8 4.96 4.96 1.48 0.2
4.96
0.4 5.15 5.16 1.28
5.17
0.3 5.31 5.13 1.13
5.31
MS-24 0.8 4.98 4.98 1.46 0.27
4.98
0.4 5.25 5.25 1.19
5.24
0.3 5.4 5.39 1.05
5.38
MS-51 0.8 4.98 4.98 1.46 0.19
4.98
0.4 5.18 5.17 1.27
5.16
0.3 5.31 5.31 1.13
5.31
MS-9 0.8 4.99 4.98 1.46 0."
MS-23 4.97
MS-24 0.4 5.18 5.18 1.26
MS51 5.19
0.3 5.45 5.44 1.0
5.43
6-D205 0.8 5.18 5.18 1.26 0.31
5.17
0.4 5.48 5.49 0.95
5.5
0.3 5.64 5.66 0.78
5.67
control 0 6.44 6.44
6.44
TCCA activity test utilizes 0.8 and 0.4 ml inoculum into l0 ml of 11% solids non-fat milk.
Good activity is indicated by pH change >1.7 at 0.8 ml inoculum and a difference of pH
between 0.8 and 0.4 ml inoculum of < 0.2 after 2.5 hours at 32°C. Waterford activity test is
included for comparison, 0.3 ml inoculum for 2.5 hours at 32° C.89
medium. This was particularly true for the combined strains. The exception was the "fast
acid" producing control strain, which had greater activity when grown under internal pH
control conditions. Under laboratory conditions neither of the growth media generated
"good activity" as described for either the TCCA or Waterford activity tests. However
each of the probe-isolates was more active than the commercial control strain. Under
commercial growth and testing conditions, all four of the probe-isolates met the TCCA
criteria for good activity (Table 14).
Table 14. Starter activity of probe-isolates and a commercial control, grown in EM
Complete® medium under commercial conditions at Tillamook County Creamery.
FM Complete medium (external pH control)
Strain inoculum (ml) pH delta pHpH difference 0.4 and 0.8 ml
MS-9 0.8 4.84 1.87 0.05
0.4 4.89 1.82
MS-23 0.8 4.89 1.82 0.11
0.4 5.0 1.71
MS-24 0.8 4.87 1.84 0.09
0.4 4.96 1.75
MS-51 0.8 4.9 1.81 0.05
0.4 4.95 1.76
MS-9 0.8 4.95 1.76 0.09
MS-23
MS-24 0.4 5.04 1.67
MS51
control 0 6.71
TCCA activity test utilizes 0.8 and 0.4 ml inoculum into 10 ml of 10% solids non-fat milk. Good
activity is indicated by pH change >1.7 at 0.8 ml inoculum and a difference of pH between 0.8
and 0.4 ml inoculum of < 0.2 after 2.5 hours at 32°C.90
Cheese Manufacturing Using Probe-isolated Strains of Lactococcus lactis ssp. cremoris
Under Commercial Manufacturing Conditions
Following the initial pilot-scale cheese trials each of the four strains were used
individually, and then in combination to produce Cheddar cheese under automated
commercial manufacturing conditions. Activity of the starter produced under commercial
conditions was previously described (Table 14). To better project how each strain grown
in bulk starter under commercial conditions would behave in the automated system,
individual strains were again used in the pilot-scale vat. Following the pilot-scale test the
same batch of starter was then used to inoculate the commercial vat.
From pilot-scale cheese manufacture it was determined that each individual strain
and a combination of the four strains were all sufficiently active to progress to
commercial-scale trials. Conditions used for pilot-scale trials, development of acidity,
make-time, and final cheese composition for each vat are shown in Table 15.
Results of the commercial-scale trials are shown in Table 15. No starter failure
occurred for the individual strains or the combination during the commercial-scale trials.
Based on the amount of starter used and the average TA obtained during milling, each of
the individual strains and the combined strains showed activity superior to the
commercial control (TC-122). It was found that the inoculum required to obtain the
desired TA during milling could be reduced from the 0.47% (250 lbs.) normally used, to
0.3 to 0.33% (160 -175 lbs.). Based on the average TA at milling verses the amount of
starter used, the relative activity of the individual strains under the conditions used were,
MS-24< MS-5I< MS-23< MS-9. These results were not reflected in the activity tests
shown in Table 14.It was interesting to note that the activity of the combined strains,
based on amount of starter used verses TA during milling was less than the individual
strains. This was reflected in the different starter activity test results shown in Tables 12
and 14, but not on Table 13. Again, this reinforces that biological variability exists in
fermentations. Compositional data provided on Table 15 show that the final cheese
produced from the probe-isolated strains is similar in composition to the control.
Compositional data missing for the small pilot vats was unavailable from TCCA.Table 15. Commercial Cheddar cheese manufacturing using probe-isolated strains of Lactococcus lactis ssp. cremoris
Strain
Small cheese vats MS-9 MS-23 MS-24 MS-51 Combined g
# milk 5000 5000 5000 5000 5000
# starter 30 26 22 20 22
% starter 0.6 0.52 0.44 0.4 0.44
Cook temp.
h%T.A./pH at steam off
101
0.10/6.48
101
0.10/6.54
101
0.12/6.50
101
0.12/6.57
101
0.13/6.38
%T.A. at 2 hours 55 min. 0.33 0.26 0.3 0.2 0.21
%T.A. at milling 0.45 0.46 0.4 0.4 0.4
make-time (set to mill) hr.:min.d 3:15 3:25 3:25 3:45 3:55
Final composition e
PH 5.05 5.01 5.09 5.24 5.17
moisture 37.29 38.48 37.96 38.46 39.19
butterfat 33.96 32.87 33.56 33 32.04
fat in the dry matter 54.15 53.42 54.09 53.62 52.68
moisture in non-fat solids 56.46 57.32 57.13 57.4 57.66
% salt 1.59 1.68 1.50 1.50 1.68
% salt in moisture 4.26 4.37 3.95 3.90 4.29
a TC-122 is a defined strain combination used regularly at the Tillamook cheese factory.
Make time traditionally refers to the time from set to salt, in this automated system a constant set to mill time is used.
Composition values for the large vats are an average of finished product sampled from the beginning and end of each vat after cooling.
Traditional methods used in the small vat allow for make times to vary, and depend on the rate of acid production.
e Composition values for the small vats are from a single block.
At ICA, 250 lbs. of starter is commonly used in large vats. However, this will Vary depending on starter activity
g All four probe-isolated strains grown and used in combination
sC)
.A. = % titratable acid as lactic acidTable 15. Continued.
Strain
Large cheese vats
# milk
# starter
starter
time starter added
vat set
milk temp.
pH at cook
cook temp.
pH at pump over
%T.A.. at 2hr 50 min.
%T.A. start of milling/end of mill
average T.A. of milling
average pH of milling
make- time (set to mill) hr.:min.b
Final composition
pH
moisture
butterfat
fat in the dry matter
moisture in non-fat solids
% salt
% salt in moisture
MS-9 MS-23 MS-24 MS-51 Combined gTC-122a
53,500 53,500 53,500 53,500 53,500 53,500
250 190 175 160 175 250
0.47 0.36 0.33 0.3 0.33 0.47
9:35 11:25 11:40 11:05 11:05 7:35
9:50 11:40 11:55 11:20 11:20 7:50
88.5 88.1 88 88.1 88.9 88.3
6.47 6.44 6.49 6.57 6.63 6.37
100.7 100.2 100.2 100.8 100 99.8
6.28 6.27 6.34 6.46 6.45 6.24
0.29 0.24 0.29 0.2 0.19 0.23
0.45/0.590.39/0.510.44/0.570.31/0.470.30/0.400.33/0.42
0.52 0.45 0.51 0.39 0.35 0.38
5.36 5.43 5.35 5.47 5.62 5.36
3:20 3:20 3:20 3:20 3:20 3:20
5.09 5.17 5.01 5.15 5.06 5.26
36.47 36.18 35.32 35.69 36.43 36.41
34.37 34.64 34.93 36.32 34.45 34.46
54.09 54.26 54 56.47 54.17 54.19
55.56 55.34 54.28 56.03 55.56 55.55
1.68 1.59 1.68 1.90 1.50 1.59
4.61 4.39 4.76 5.30 4.12 4.3493
Proteolysis During Ripening of Cheddar Cheese Made Using Probe-isolated Strains of
Lactococcus lactis ssp. cremoris
Results of the colorometric reaction that occurs between Cd-ninhydrin reagent and
water soluble nitrogen (WSN) extracted from aged Cheddar cheese are shown in Figure
27. Figure 28 shows the linearity of the reaction between Cd-ninhydrin and known
concentrations of the free amino acid, leucine, based on absorbance at 507 nm.
Proteolysis data for cheese manufactured under commercial scale, automated conditions
are reported in Table 16. Cheddar cheese manufactured using each of four single strain
probe-isolates, and a combination of the four are reported. These are compared to a
single strain commercial control 6-D205 (cheese made with 6-D205 was at pilot-scale
with traditional methods) and defined strain starter used in daily production at TCCA.
Graphical representation of these data are shown in Figure 29. The increasing
concentration of WSN in aging cheese is readily apparent in Figure 27. However the
color intensity that developed using Cd-ninhydrin reagent was variable from trial to trial.
Therefore, the results shown and reported are representative of results obtained and could
not be used to accurately determine the concentration of free amino acids released by
proteolysis during the ripening of these cheeses. The results obtained indicate that strains
MS-9 and MS-51 are the least proteolytic. MS-23 and MS-24 are more proteolytic and
produced similar results. The single strain commercial control was the most proteolytic
of the single strains. However the results may be a function of the different
manufacturing methods rather than strain specific peptidase activity. Both of the multiple
strain starter cultures generated two to three times the concentration of WSN than the
single strains Figure 29 (excluding 6-D205). The linear relationship between WSN and
ripening time is clearly established in these data although the values obtained are less
than anticipated (Folkertsma and Fox, 1992). It is also apparent that the combined strains
had more protease and peptidase activity than any individual strain, suggesting the
presence of complementary protease and peptidase activities.Figure 26. Reaction of Cd-ninhydrin reagent with water soluble nitrogen (WSN) from
extracts of Cheddar cheese aged for one year. Intensity of reaction is measured by
absorbance at 507 nm.
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Figure 27. Absorbance of leucine standards at 507nm following reaction with Cd-
ninhydrin reagent.
06
94Table 16. Proteolysis of Cheddar cheese made from probe-isolated strains of Lactococcus locus ssp. cremoris and a commercial
control, determined by absorbance at 507nm of water soluble extracts reacted with Cd-ninhydrin reagent.
Days of Ripening,
Strainis 30 60 90 120 150 180 210 240 270 300 330 360
MS-9 0.08 0.10 0.13 0.17 0.19 0.24 0.29 0.32 0.33 0.33 0.38
MS-23 0.100.12 0.15 0.26 0.190.40 0.42 0.49 0.49 0.61 0.66
MS-24 0.08 0.11 0.14 0.24 0.22 0.300.35 0.39 0.37 0.49 0.56 0.57
MS-51 0.05 0.11 0.13 0.21 0.22 0.240.26 0.30 0.34 0.33 0.35 0.45
Combined 0.04 0.290.16 0.23 0.67 0.630.79 0.94 0.94 1.06 0.75 1.13
6-D205 0.190.30 0.25 0.48 0.430.56 0.63 0.670.69 0.87 0.87
TCCA 0.17 0.41 0.32 0.36 0.460.60 0.56 0.72 0.83 1.00 1.08 1.17
a
Combination of probe-isolates.
b Single strain commercial control of Lactococcus lacticssp. cremoris. Cheese for this strain was manufactured in an open vat using
traditional methods.
Defined strain starter culture used in daily production at Tillamook County Creamery Association (ICCA).E
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Figure 28. Assessment of proteolysis by change in the reactivity of Cd-ninhydrin reagent with water-soluble nitrogen from samples of
Cheddar cheese, taken during a 12 month period. Values are shown for each of the four probe-isolates, a combination of all four, a
commercial single strain 6-D205, and a defined strain starter culture (TCCA).97
Flavor and Texture Development During Ripening of Cheddar Cheese Manufactured
With Probe-isolated Strains of Lactococcus lactic ssp cremoris Under Commercial
Conditions
Flavor and body characteristics during ripening of experimental cheeses made using
probe-isolates MS-9, MS-23, MS-24, and MS-51 are shown on Table 17. Commercial
production cheese by TCCA is included for comparison. Of the four single strains MS-9 and
MS-51, both developed bitter characteristics during ripening with little Cheddar flavor
development. Cheese body characteristics for MS-9 progressively improved over time, from
short, curdy to good. Body quality characteristics for MS-51 declined from good to slightly
short. MS-23 and MS-24 both maintained good body characteristics throughout ripening.
MS-23 showed progressive improvement in me flavor profile. Definite acid and flat
characteristics were displaced with slight acid and good cheddar flavor. MS-24 maintained
good body characteristics but the flavor profile was transitory. Initial flavor was clean with
buttery notes; these were followed with the development of hitter and acid characteristics.
which were displaced by a decline in bitterness and increasing cheddar flavor, resulting in a
high quality cheese. Body characteristics for the combined strains declined from good to
weak to pasty, short. Weak and pasty were not seen among the single strains; however, the
defined TCCA control developed transient weak characteristics. Flavor development shown
for the combined strains progressed from flat, to slightly acid with brothy and cheddar
characteristics. However a second vat manufactured the same day using the same conditions
was initially slight acid, slight bitter with slight, weak body. Flavor and body from this
second vat then developed to a flavor score of 9.5 slight acid and 5 for body and texture.
Flavor of the TCCA control developed over time from high acid and flat, to slight acid with
good cheddar flavor. Slight brothy, with bitter notes and weak body that developed in the
control cheese after 6 months, had disappeared by 9 months of aging. Pilot scale cheeses
made from the same single and combined starters using traditional methods tended to
develop similar defects as the commercial-scale cheeses; however, undesirable body and
flavor characteristics were more pronounced, possibly due in part to the higher moisture
content of these cheeses (Table 15). MS-5I was an exception in that it developed less bitter
and more Cheddar flavor than cheese from the pilot-vat.Table 17. Flavor and texture development in Cheddar cheese made with probe-isolated strains of Lactococcuslactis ssp. cremoris
Ripening Time
3 months 6 months
Strain Flavor Score Body Score Flavor Score Body Score
MS-9 moderate acid,
definite bitter
7definite
short, slight
curdy
4bitter, flat 6short 4
MS-23 definite acid,flat
lacks cheddar
8good 5moderate acid, very
slight bitter, slight flat
9good 5
MS-24 clean, diacetyl buttery
note
10good, silky 5moderate bitter, flat 8.5good 5
MS -51 moderate acid, slight
bitter, flat
8.5good 5definite acid, definite
bitter
7good 5
Combined*slight acid, slight flat9.5good 5flat 8weak 3.5
TCCA high acid, flat lacks
cheddar flavor
8.5good 5slight high acid, slight
brothy, slight bitter
9definite weak4
* Combined strains of the four probe isolated were used to make two vats of cheese using the same batch of starter on the sameday.
Values for the first vat are shown in the table above. The second vat developed a flavor score of 9.5 slight acid and body scoreof good
5 after 12 months of ripening.Table 17. Continued
Ripening Time
Strain
9 months 12 months
Flavor Score Body Score Flavor Score Body Score
MS-9 slight bitter, flat flavor8.5very slight
short
4.5high acid, definite
bitter, lacks cheddar
flavor
7good 5
MS-23 very slight acid, slight
flat, good cheddar
flavor developing
9.5good 5slight acid, very slight
bitter, good cheddar
flavor
9.5good 5
MS-24 slight acid, very slight
bitter, slight cheddar
8good 5slight bitter, excellent
cheddar flavor
9good 5
MS-51 slight acid, flat 8good 5slight acid, definite
bitter, some cheddar
flavor
7slightly short4.5
Combined*slight acid, slight
brothy, good cheddar
8weak 4.5slight acid, brothy,
some cheddar flavor
8.5pasty, short 3.5
TCCA slight high acid 9.5good 5slight acid , good
cheddar
9.5slight weak 4.5
* Combined strains of the four probe isolated were used to make two vatsof cheese using the same batch of starter on the same day.
Values for the first vat are shown in the table above. The second vat developed aflavor score of 9.5 slight acid and body score of good
5 after 12 months of ripening.100
DISCUSSION
Strains used in Cheddar cheese manufacture in this research were unique in that
they were isolated using a procedure never before used to select lactococci from nature.
We were not comfortable in releasing strains for commercial use until they had been
tested and proven under commercial conditions. For this we are indebted to Ed Yates and
the Tillamook County Creamery Association, for having faith in our ability to deliver
useful and unique strains. Important in the selection of strains would be satisfactory acid
production in the cheese vat, their resistance to the many types of bacteriophages present
in the plant environment and the flavor of the final cheese, especially at three months of
age and thereafter.
Sensitivity to Bacteriophages in Whey From the Tillamook Cheese Plant Before and
During the Cheesemaking Trials
The results of phage testing shown in the bottom picture of Figure 26 were typical
of all whey samples tested both before and during the cheesemaking trials. No phage
sensitivity was detected. This absence of phage sensitivity serves as witness to the value
of the introduction of new strains to the genetic pool of strains available for use in the
production of fermented milk products. Although we know that phages exist to which
some of these strains are sensitive (Chapter 1, Table 11), it is probable that these strains
and other probe-isolates, properly selected, can be commercially viable in a given
environment for many years.
Activity Tests of Probe-isolates Grown in Commercially Prepared Starter Medium
Starter produced in bulk at TCCA using external pH control medium had
significantly greater activity than the starter produced in the laboratory for both the
internal and external pH control medium (compare Tables 12,13, and 14). This increased101
activity was probably due at least in part to a reduction in variability, gained by producing
larger quantities with better control of heating and cooling of the medium. This increased
activity was evidenced in the vats as well. During the trials in the small 5,000 lb. capacity
vats, the optimal starter used to get the desired pH at milling was 0.44-0.5% (lab
produced starter, Table 15). Whereas in the 53,500 lb. capacity vats using bulk starter,
the optimal amount of starter was 0.3-0.33% * (Table 15 cont.). This optimum level of
required starter is a reduction of 14% of the normal amount of starter used in 53,500 lb.
capacity cheese vats during daily production at TCCA. This reduction in starter use
represents a substantial savings for a Cheddar cheese plant and is likely due to the lack of
phages infectious to the probe-isolated strains.
* Note: According to Dale Baumgartner, Head Cheesemaker at TCCA, the small
open vat typically requires a higher percent inoculum of starter than the large vats
to achieve the same make time.
Cheddar Cheese Manufacture and Composition
The make times and final composition of cheese produced at TCCA using probe-
isolated cultures are shown in Table 15. The results show that no culture failure occured
during any of the experimental vats and that the final composition of the Cheddar cheese
produced in the large vats was comparable to the composition of regular production run
cheese. The pH of the experimental cheeses was lower than the TC-122 control cheese,
however this can be a result of many factors including starter activity, percent salt,
moisture and where on the cheese block the sample was taken. As previously mentioned
the amount of starter required for each individual strain could not be optimized due to
cost and time constraints; however, the results in Table 15 indicate that the optimum
amount of starter required was between 0.3-0.33%, a reduction of 14% compared to
normal requirements.102
Proteolysis During Ripening of Cheddar Cheese Made Using Probe-isolated Strains of
Lactococcus lactis ssp. cremoris
In recent years the major indices of maturation of Cheddar cheese has been
determined by measuring the proteolysis of proteins that occurs during the maturation
process. The use of proteolysis as an index of ripening involves the separation and
quantification of nitrogenous compounds that accumulate as the cheese ages. The method
used in this study is that of Folkertsma and Fox (1992) which utilizes the reaction
between cadmium-ninhydrin and free amino acids released in the cheese during
proteolysis (Figure 27). This method was selected because of its recent depiction in the
literature as a simple and reproducible method. While this was true for the leucine
standards as shown in Figure 28, this method proved to be a very sensitive test and could
not be relied on for precise data from cheese extracts collected during the aging period.
However general trends were clearly established using this test. In this regard Figure 29
and Table 16 show the steady increase in protein breakdown over the one year period as
determined by the Cd-ninhydrin test. These data correlate well with the flavor and
texture data collected over the same time period. The more bitter strains (MS-9 and MS-
51) exibited less proteolysis than the less bitter strains (MS-23 and MS-24), which in turn
showed less proteolysis than the combined strains, which displayed no bitterness. Thus.
the more proteolytic strains seemed to break down bitter peptides, and released the
constituent amino acids.
Flavor and Texture Development During Ripening of Cheddar Cheese Manufactured
With Probe-isolated Strains Under Commercial Conditions
While acid production and bacteriophage resistance was satisfactory for the probe-
isolated strains, as well as development of favorable flavor and texture characteristics,
some variation was evident. The most important flavordefect frequently appearing with
many lactic bacterial strains in Cheddar cheese is bitterness. Some of this defect occurred
in the present study and was variable in intensity throughout the ripening time for103
individual strains (Table 17). The combined strains exhibited no bitterness at any time
throughout the ripening period of 12 months. Apparently the combination of strains was
able to breakdown the bitter peptides that contribute to this taste defect. This increased
proteolysis for the combined strains was consistent with the weaker body and texture
scores shown in Table 17 and from proteolysis data summarized in Figure 29.It is
noteworthy that fermented and fruity flavors were non-evident; therefore these
objectionable off-flavors were not attributable to the starter strains. Also, it is
conceivable that adventitious flora were sufficiently suppressed so they did not reach
adequate levels to cause these flavor defects. In general, the manufacture of Cheddar
cheese using probe-isolated strains of Lactococcus lactis ssp. cremoris led to very
satisfactory fermentation performance and has resulted in the licensing of these strains to
industry for use in the production of fermented milk products.104
CHAPTER 5
CONCLUSION
The purpose of this study was to further characterize strains of Lactococcus lactis
ssp. lactis and Lactococcus lactis ssp. cremoris originally isolated from nature using 16S
rRNA probes. This characterization focused on identifying unique characteristics among
the probe-isolates and to identify probe-isolates with desirable functional characteristics
suitable for use in the production of fermented dairy products.
From the results it appeared that traditional methods of strain characterization
based on phenotype, were insufficient to conclusively distinguish strains which were
genotypically Lc. lactis from those strains which were genotypically Lc. cremoris. This
was particularly evident from the results of arginine hydrolysis, lithium sensitivity, and
API-50 carbohydrate utilization. In each of these tests, strains from each subspecies
showed reactions, which more resembled their respective counterpart.It was interesting
to note that many Lc. cremoris strains which were phenotypically indeterminate, clustered
together in a phylogenetic tree based on lactate dehydrogenase gene sequences (Urbach et
aL,1997). Based on these inconsistencies in phenotype verses genotype, it is possible that
previous attempts to isolate Lc. cremoris from nature may have failed due to the
phenotypic variation and instability encountered with natural isolates, causing them to be
overlooked or misclassified.
While the probe-isolation method may have originally been developed to isolate
Lc. cremoris strains needed in cheese manufacturing, the diversity of strains isolated may
impact the application of the probe-isolation method. This pool of diverse strains may
prove useful in the nutracutical and probiotic markets that are developing worldwide and
in the area of natural food preservatives. For example, the identification of new Lc.
cremoris strains in this study that produce inhibitory substances may have significance to
the food industry as natural preservatives. Since Lc. cremoris strains are generally
regarded as safe (GRAS) for use in food products, these probe-isolated strains should be105
further characterized to determine their mechanism and range of inhibition, particularly
against pathogenic and spoilage bacteria. In addition, the initial screening in this study
should be expanded to include all probe -isolates obtained from the various sources.
These strains occur in a broad range of environmental conditions and under competitive
pressures, which may give rise to inhibitory mechanisms and substances currently
unknown in the industry.
As originally intended, this study has also confirmed the usefulness of the 16S
genetic probe for the isolation of novel strains for use in fermented dairy products, such
as Cheddar cheese. While many probe-isolates did not have the functional characteristics
desirable in dairy fermentation, those that were selected for Cheddar cheesemaking trials
were successfully used in both traditional and automated cheese manufacture. The
resistance to infectious bacteriaphages demonstrated by these strains will be a welcome
addition to the starter culture industry and may represent new gene pools. As a result of
this study, the addition of these strains to the pool of strains available to the dairy industry
has already begun through licensing agreements with a major starter culture supplier. To
date, the strains that have been released have continued to perform successfully in cheese
manufacturing.106
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